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IN THE UNITED STATES DISTRICT COURT 
FOR THE EASTERN DISTRICT OF TEXAS 

MARSHALL DIVISION 
  

 
FINESSE WIRELESS LLC, 
 
  Plaintiff, 
 
 v. 
 
AT&T MOBILITY LLC, 
 
  Defendant. 
 

Civil Action No. 2:21-cv-316 

PATENT CASE 

JURY TRIAL DEMANDED  

 
COMPLAINT FOR PATENT INFRINGEMENT 

 
 This is an action for patent infringement in which plaintiff Finesse Wireless LLC 

(“Finesse”), makes the following allegations against defendant AT&T Mobility LLC (“AT&T”): 

BACKGROUND 

1. This Complaint asserts causes of action for infringement of the following United 

States Patents owned by Finesse: United States Patent Nos. 7,346,134 (“’134 Patent”) and 

9,548,775 (“’775 Patent”) (collectively, the “Asserted Patents”). 

THE PARTIES 

2. Plaintiff Finesse Wireless LLC is a limited liability company organized and 

existing under the laws of Utah, with its principal place of business at 2689 Sackett Drive, Park 

City, Utah 84098. 

3. Upon information and belief, defendant AT&T is a limited liability company 

organized and existing under the laws of Delaware, with its principal place of business at 1025 

Lenox Park Boulevard NE, Atlanta, Georgia 30319. AT&T is doing business, either directly or 

through its agents, on an ongoing basis in this judicial district and elsewhere in the United States, 

and has a regular and established place of business in this judicial district. AT&T may be served 
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through its registered agents The Corporation Trust Company, Corporation Trust Center, 1209 

Orange Street, Wilmington, Delaware 19801 and C T Corporation System, 1999 Bryan Street 

Suite 900, Dallas, Texas 75201. 

JURISDICTION AND VENUE 

4. This Court has subject matter jurisdiction under 28 U.S.C. §§ 1331 and 1338(a) 

because this action arises under the patent laws of the United States, 35 U.S.C. §§ 1 et seq. 

5. This Court has personal jurisdiction over AT&T because, inter alia, AT&T has 

minimum contacts with Texas and this district such that this venue is a fair and reasonable one. 

AT&T conducts substantial business in this forum, including (i) engaging in the infringing 

conduct alleged herein and (ii) regularly doing or soliciting business, engaging in other persistent 

courses of conduct, and/or deriving substantial revenue from goods and services provided to 

individuals in Texas and in this district. 

6. Venue in the Eastern District of Texas is proper under 28 U.S.C. §§ 1391(b) and 

(c) and 1400(b). 

7. Upon information and belief, AT&T has committed infringing acts in this judicial 

district by making, using, offering for sale, selling, or importing products or services that infringe 

the Asserted Patents (as defined herein), or by inducing others to infringe the Asserted Patents. 

On information and belief, AT&T maintains a “regular and established” place of business in this 

district, including by (a) maintaining or controlling retail stores in this district, (b) maintaining 

and operating infringing base stations in this district, including on cellular towers and other 

installation sites owned or leased by them, and (c) maintaining and operating other places of 

business in this district, including those where research, development, or sales are conducted, 

where customer service is provided, or where repairs are made. 
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8. Upon information and belief, AT&T has a regular and established physical 

presence in the district, including but not limited to, ownership of or control over property, 

inventory, or infrastructure. For example, AT&T’s website (http://www.att.com/stores/) displays 

information for retail stores located at 4757 South Broadway Avenue, Tyler, Texas 75703; 2028 

Southeast Loop #323, Tyler, Texas 75701; and 8922 South Broadway Avenue, Tyler, Texas 

75703 (among others), all of which lie within this federal judicial district.  

9. AT&T is registered to do business in Texas. Its registered mailing address is 1010 

N Saint Mary’s Street Room 9-Y01, San Antonio, Texas 78215-2109, and its registered agent is 

Agent C T Corporation System, 1999 Bryan Street, Suite 900, Dallas, Texas 75201. 

10. AT&T also has what it refers to as AT&T Foundry in Plano, Texas, which it uses 

to design, test, use and sell telecommunications services, including services that infringe the 

Asserted Patents.  

11. In other recent actions, AT&T has either admitted or not contested that this 

federal judicial district is a proper venue for patent infringement actions against it. See, e.g., 

Answer to Am. Compl. ¶¶ 14, 17, Sol IP v. AT&T Mobility LLC, No. 2:18-cv-526 (E.D. Tex. 

Apr. 4, 2019), ECF No. 113; Answer ¶¶ 12–13 & Counterclaims ¶ 2, IPCom, Gmbh & Co. KG v. 

AT&T Inc., et al., No. 2:20-cv-322 (E.D. Tex. Dec. 18, 2020), ECF No. 21. AT&T has also 

admitted or failed to contest that it has transacted business in this district. See, e.g., Sol IP, 

Answer to Am. Compl. ¶¶ 15–17; IPCom, Answer ¶ 11–13. 

12. AT&T derives benefits from its presence in this federal judicial district, including, 

but not limited to, sales revenue and serving customers using its mobile network in this district. 

For example, AT&T receives revenue from its corporate stores in this district, by selling network 
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access, phones/products, and services, and by receiving payment for network access, 

phones/products, and services. 

DEFENDANT’S MOBILE NETWORK              

13. AT&T operates and sells access to a mobile network that provides 

telecommunication, Internet service, and other services to customers via cellular base stations 

located in this district and throughout the United States (the “AT&T Base Stations”). The AT&T 

Base Stations incorporate technology that employs oversampling, signal isolation, and phase-

shifting for cancellation of passive intermodulation (“PIM”) pursuant to the patented inventions. 

14. AT&T’s mobile network, including the AT&T Base Stations, communicates with 

customers’ mobile devices (also referred to as “terminals” or “user equipment”), such as mobile 

phones, smartphones, tablets, and mobile hotspots, in accordance with fourth-generation/Long 

Term Evolution (“4G/LTE”) and fifth-generation (“5G”) mobile network standards. AT&T also 

sells mobile devices, through channels including its website and retail stores, that communicate 

in accordance with those 4G/LTE and 5G standards for use on its network. 

15. AT&T’s website states that it operates a 4G/LTE and 5G mobile network. 

According to AT&T’s website, “We cover more than 99% of the U.S. population.” The website 

also states: “AT&T didn’t build the best network by accident. We built it by continually 

investing billions of dollars in expanding our coverage and improving our LTE network for 

customers. Because of these investments, our LTE network now covers more than 99 percent of 

United States. We are also investing in building out our 5G network, to help usher in the next 

generation of wireless technology.”1 

 
1 AT&T, AT&T is America’s Best Network, AT&T Offers, 
https://www.att.com/offers/network.html (last visited Feb. 8, 2021). 
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16. AT&T’s website states that substantial portions of its mobile network are 5G and 

4G/LTE. In addition, the website provides a coverage map that identifies the maximum cellular 

network speeds available by location nationwide, including within Texas. According to the map, 

a majority of the cities in this district have 4G/LTE and/or 5G coverage. Among the cities in this 

district identified with 5G coverage are Marshall, Beaumont, Lufkin, Sherman, Tyler, and 

Texarkana.2  

 
Figure 1: Coverage map from AT&T website showing 5G and 4G/LTE coverage in East Texas3 

17. AT&T’s website states: “Our connectivity needs are changing, and AT&T is 

working to bring the amazing capabilities of 5G across the nation. 5G stands for fifth-generation 
 

2  AT&T, Wireless Coverage Map for Voice and Data Coverage from AT&T, AT&T Maps, 
https://www.att.com/maps/wireless-coverage.html (last visited Feb. 8, 2021). 
3  Id.  
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cellular wireless technologies, and it is the next generation of mobile tech. Downloading large 

files to your phone can take a long time. 5G will provide increased data speeds compared to 4G, 

allowing you to download games, movies, TV shows and more, faster than before. 5G will also 

decrease latency. Latency is the time it takes between sending and receiving information. For 

gamers this will mean improved connectivity, smoother graphics and more responsive gameplay. 

Learn more about AT&T 5G availability, 5G capable phones, and unlimited data plans with 5G 

access.”4 

INTERFERENCE FROM PASSIVE INTERMODULATION              

18. One of the common problems associated with wireless communications is 

unwanted signals intermixed with the information signal. These unwanted signals are referred to 

as interference. This interference can alter the radio frequency (“RF”) reception so that a receiver 

does not receive the information signal as needed.5 

19. The increased usage of the RF system and expansion of 5G technology to account 

for expansion of traditional and non-traditional uses of wireless systems, including, upon 

information and belief, those advertised by AT&T, has resulted in higher overall RF energy 

being transmitted across an increasingly congested spectrum. The result is a higher likelihood of 

intersystem interference from sources including PIM.6 

20. PIM represents the intermodulation products (“IMPs”) generated when two or 

more signals (e.g., data transmitted from a base station to a cell phone) transit through a passive 

 
4  AT&T, 5G & You – The AT&T Story, AT&T Consumer, 
https://www.att.com/5g/consumer/ (last visited Feb. 8, 2021). 
5  U.S. Patent No. 7,346,134 (issued Mar. 18, 2008), at 1:55–60. 
6  See, e.g., 3rd Generation P’ship Project (3GPP), Technical Specification Group Radio 
Access Network; Passive Intermodulation (PIM) Handling for Base Stations (Release 12) (TR 
37.808 V12.0.0, Sept. 28, 2013), available at 
https://www.3gpp.org/ftp//Specs/archive/37_series/37.808/. 
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device (e.g., connectors and mechanical components at a base station) with nonlinear properties 

(e.g., loose or dirty connectors, aged antennas, amplifiers, etc.).7 

21. PIM is a significant issue within the cellular industry. PIM degrades wireless 

performance because it causes unwanted RF interference which will reduce receiver sensitivity 

or may even inhibit communication completely. This interference can affect the cell that created 

it, as well as other nearby receivers. It manifests in degraded voice quality, dropped calls, and 

reduced data throughput.8 

22. One way to mitigate PIM is by fixing the connectors and mechanical components 

at a base—in other words, by avoiding the sources of interference, removing the non-linearities 

that cause interference, and using frequency planning to minimize interference. The latter option 

is less practical given the increased usage of RF spectrum. The former two options can be costly 

given the labor and time involved in manually detecting and resolving problems with base 

stations. Particularly as the number of base stations has increased, mitigation of the causes of 

PIM by avoidance or manually fixing non-linearities is less practical.9 

23. Another way to remove interference is by filtering. The filtering may be 

performed in the analog or digital domain. In one commonly used technique, digital samples are 

low pass filtered to eliminate the higher harmonics above a baseband signal. However, this 

technique does not eliminate the interference due to the tails of the harmonic images that extend 

 
7  See id. 
8  See, e.g., id.; 4G Americas, White Paper: Mobile Broadband Evolution Towards 5G: 
3GPP Rel-12 & Rel-13 and Beyond (June 2015), at 193-94 available at 
https://www.5gamericas.org/wp-
content/uploads/2019/07/4G_Americas_Mobile_Broadband_Evolution_Toward_5G-Rel-
12_Rel-13_June_2015x.pdf. 
9  See, e.g., id. (describing method for technician to scan for PIM); 3GPP, supra note 6, at 
23. 
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into the baseband signal.10 Further, if the PIM falls in band of the signal of interest, filtering will 

remove energy from the signal of interest. There is no known filtering technique that will not 

damage the signal of interest.11 

24. The Asserted Patents recite novel and inventive systems and methods for the 

reduction and cancellation of PIM interference, including using a digital-signal processor-based 

approach in digital hardware to mitigate PIM on an on-going basis without the need for an on-

site technician. In other words, they use “cancelling” rather than “filtering” technology. 

Cancellation is a method that does not involve avoidance, manual fixes, frequency planning, or 

filtering—rather, cancellation deals directly with the resulting interference signals if and when 

they occur by attenuating them via cancellation techniques driven by the source signals.12 

COUNT ONE 
Infringement of the ’134 Patent  

25. Plaintiff repeats and incorporates by reference each preceding paragraph as if 

fully set forth herein and further states: 

26. On March 18, 2008, the United States Patent and Trademark Office duly and 

legally issued the ’134 Patent entitled “Radio Receiver.” A true and correct copy of the ’134 

Patent is attached as Exhibit 1 to this Complaint. 

27. Finesse owns all rights, title, and interest in and to the ’134, including the right to 

assert all causes of action under the ’134 Patent and the right to any remedies for the 

infringement of the ’134 Patent. 

 
10  U.S. Patent No. 7,346,134 (issued Mar. 18, 2008), at 1:61–67. 
11  Compare id. at 11:1–11 (describing how cancellation, unlike filtering, can mitigate 
interference in the band of the signal of interest). 
12  See U.S. Patent No. 9,548,775 (issued Jan. 17, 2017), at 3:20–25; U.S. Patent No. 
7,346,134 (issued Mar. 18, 2008), at 2:1–18. 
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28. The ’134 Patent generally relates to technology that removes interference in 

cellular wireless communications systems affected by PIM. The claims of the ’134 Patent, 

including claim 1, recite novel and inventive systems and methods for the reduction and 

cancellation of PIM interference, including using a digital-signal processor-based approach in 

digital hardware to mitigate PIM on an on-going basis without the need for an on-site technician. 

29. For example, claim 1 of the ’134 Patent recites: 

1. A method comprising: 

over-sampling, at a desired frequency, a passband of received 
signals to create a bit stream, wherein the received signals include 
signals of interest and interference generating signals, the 
interference generating signals capable of generating 
intermodulation products inband of the signals of interest; 

isolating signals of interest in the bit stream using one or more 
decimating filters; 

isolating source signals that generate one or more intermodulation 
products inband of the signal of interest using one or more 
decimating filters; 

computing an estimate of each of the one or more intermodulation 
products from the source signals that generate the one or more 
intermodulation products; 

cancelling out one or more inband intermodulation products using 
the estimate of the intermodulation products; and 

performing phase and amplitude adjustment on estimations of the 
intermodulation product interfering signals in a closed loop 
manner, wherein performing phase and amplitude adjustment of 
the estimations comprises performing sub-sample phase shifts to 
make a phase adjustment on the estimations of the intermodulation 
product interfering signals. 

30. AT&T has directly infringed and continues to directly infringe, literally and/or 

under the doctrine of equivalents, one or more claims, including at least claim 1, of the ’134 

Patent in violation of 35 U.S.C. § 271(a). For example, AT&T has, without authorization, 
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operated, used, and sold, and continues to operate, use, and sell, access to its 4G/LTE and 5G 

mobile network that includes the AT&T Base Stations (“’134 Accused Instrumentalities”), which 

are capable of mitigating interference caused by PIM by reducing or cancelling PIM in the 

manner described in the claims of the ’134 Patent, thereby infringing at least claim 1 of the ’134 

Patent. AT&T’s infringing use of the ’134 Accused Instrumentalities includes its internal use and 

testing of the ’134 Accused Instrumentalities. 

31. The ’134 Accused Instrumentalities satisfy all claim limitations of one or more of 

the claims of the ’134 Patent, including at least claim 1.  

32. By way of a non-limiting example, the ’134 Accused Instrumentalities practice a 

method comprising over-sampling, at a desired frequency, a passband of received signals to 

create a bit stream, wherein the received signals include signals of interest and interference 

generating signals, the interference generating signals capable of generating IMPs inband of the 

signals of interest. The AT&T Base Stations include radios with passive intermodulation 

mitigation. Typical analog-to-digital converters (ADC) used in base stations oversample 

incoming signals to, among other reasons, increase the signal to noise ratio (SNR). The output of 

an ADC is a bit stream. As AT&T’s mobile network is designed for 5G and 4G/LTE operation, 

the AT&T Base Station will necessarily operate in frequency bands where PIM is of significant 

concern.13 

33. Further, the method practiced by the ’134 Accused Instrumentalities comprises 

isolating signals of interest in the bit stream using one or more decimating filters. The signals of 

 
13  Bo Göransson, Ph.D., Ericsson, 5G – The Multi Antenna Advantage (Oct. 6, 2016), at 35, 
available at http://www.1com.net/wp-content/uploads/2018/05/5G-multi-antenna-advantage.pdf; 
Nokia, Nokia AirScale Base Station – Executive Summary (2017), available at 
https://www.scribd.com/document/363890869/Nokia-AirScale-Base-Station-Executive-
Summary-En.  
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interest are mobile traffic—in other words, the data being transmitted and not the interference 

signal. The decimating filters are filters that reduce the sampling rate. The signal passes through 

the ADC and into the decimating filter(s). All of the signals of interest are known as they are 

from the baseband.14 

34. In addition, the method practiced by the ’134 Accused Instrumentalities 

comprises isolating source signals that generate one or more IMPs inband of the signal of interest 

using one or more decimating filters. The PIM mitigation in the AT&T Base Stations is 

configured as an element that resides between the baseband and the radios. The PIM mitigation 

system is identifying and isolating IMPs inband of the signal of interest—i.e., from the uplink 

signal—to identify PIM caused by downlink signals. That is, the IMPs and signal of interest are 

in the same signal, so the PIM must be known and isolated to cancel out the PIM.15 

35. Further, the method practiced by the ’134 Accused Instrumentalities comprises 

computing an estimate of each of the one or more IMPs from the source signals that generate the 

one or more IMPs. The PIM must be estimated in order to develop an IMP cancellation signal 

(“ICS”). The ’134 Accused Instrumentalities adaptively calculate the transfer function of the 

PIM signal created by mixing the source signals and using this to create an image of the inband 

interferer. This includes intercepting the uplink signals and cancelling any PIM that may be due 

 
14  Dimitrios Efstathiou et al., Recent Developments in Enabling Technologies for Software 
Defined Radio, 37 IEEE Comm’ns Magazine, Sept. 1999, no. 8, at 112–17 fig. 3, available at 
https://www.researchgate.net/figure/Wideband-base-station-architecture_fig2_3196099 (showing 
exemplary standard wideband base station architecture, with the signal passing through the ADC 
converter and into the decimating filter(s)); Göransson, supra note 13, at 36; Nokia Solutions and 
Networks, AHHB-01 Nokia AirScale Radio Description, FCC 75933222 Report 01 Issue 6 
(2018), at 120 fig. 36. 
15  Göransson, supra note 13, at 33, 35–36; Job Posting: FPGA Development Engineer, 
available at 
https://web.archive.org/web/20170916171317/https://bbs.sjtu.edu.cn/bbstcon,board,JobInfo,reid,
1504970443.html (last visited Sept. 16, 2017). 
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to downlink signals before passing on the cleaned uplink channel. To undertake integrated PIM 

cancellation, the ’134 Accused Instrumentalities generate a copy of the signal.16 

36. In addition, the method practiced by the ’134 Accused Instrumentalities 

comprises cancelling out one or more inband IMPs using the estimate of the IMPs. That is, the 

AT&T Base Stations incorporate a “cancelling”—rather than filtering—technology. In order to 

cancel, it is necessary to create a copy of the interferer inband and cancel (subtract) it from the 

received signal.17 

37. Finally, the method practiced by the ’134 Accused Instrumentalities comprises 

performing phase and amplitude adjustment on estimations of the IMP interfering signals in a 

closed loop manner, wherein performing phase and amplitude adjustment of the estimations 

comprises performing sub-sample phase shifts to make a phase adjustment on the estimations of 

the IMP interfering signals. The technology in the AT&T Base Stations is a closed-loop system, 

meaning that cancellation is automatically carried out within the system without human 

intervention. Because the AT&T Base Stations mitigate PIM from both static and dynamic 

sources, they perform phase and amplitude adjustment to account for changes in the PIM 

sources.18 

38. Since having notice of the ’134 Patent, AT&T has indirectly infringed and 

continues to indirectly infringe the ’134 Patent in violation of 35 U.S.C. § 271(b) by taking 

active steps to encourage and facilitate direct infringement by others, including OEMs, agent-

 
16  Göransson, supra note 13, at 36; Job Posting, supra note 15; Nokia, Nokia AirScale Base 
Station – Datasheet (2017), at 5, available at https://docplayer.net/44953613-Nokia-airscale-
base-station-changes-the-way-to-build-networks.html.  
17  Göransson, supra note 13, at 36; Job Posting, supra note 15; Nokia, Datasheet, supra 
note 16, at 5; Mani Iyer, Senior System Engineer at L3Harris Technologies, LinkedIn, 
https://www.linkedin.com/in/mani-iyer-nj (last visited Feb. 22, 2021) (log-in required).  
18  Göransson, supra note 13, at 35–36; Job Posting, supra note 15. 
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subsidiaries, affiliates, partners, service providers, manufacturers, importers, resellers, customers, 

and/or end users, in this district and elsewhere in the United States, through the dissemination 

and maintenance of the ’134 Accused Instrumentalities and the creation and dissemination of 

promotional and marketing materials, supporting materials, instructions, product manuals, and/or 

technical information relating to such products with knowledge and the specific intent that its 

efforts will result in the direct infringement of the ’134 Patent. 

39. For example, AT&T took active steps to encourage end users to utilize its mobile 

network in the United States in a manner it knows will directly infringe each element of at least 

claim 1 of the ’134 Patent, including by selling access to its 4G/LTE and 5G mobile network and 

encouraging users to operate devices on that network, despite knowing of the ’134 Patent and the 

fact that such usage of its network will require reduction or cancellation of PIM in a manner that 

infringes the ’134 Patent. The infringing aspects of the ’134 Accused Instrumentalities otherwise 

have no meaningful use, let alone any meaningful non-infringing use. 

40. Such active steps include, for example, advertising and marketing AT&T’s 

mobile network, marketing and selling of devices capable of or intended for use on that network, 

publishing manuals and promotional literature describing and instructing users to utilize its 

network, and offering support and technical assistance to its customers that encourage use of the 

network in ways that will require reduction or cancellation of PIM in a manner that directly 

infringes at least claim 1 of the ’134 Patent. 

41. AT&T undertook and continues to undertake the above-identified active steps 

after receiving notice of the ’134 Patent and how those steps induce infringement of the ’134 

Patent. 
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42. AT&T’s acts of infringement have caused and continue to cause damage to 

Finesse, and Finesse is entitled to recover from AT&T the damages it has sustained as a result of 

those wrongful acts in an amount subject to proof at trial, but in no event less than a reasonable 

royalty for the use made of the invention in the ’134 Patent, together with interest and costs as 

fixed by the Court. AT&T’s infringement of Finesse’s rights under the ’134 Patent will continue 

to damage Finesse, causing irreparable harm for which there is no adequate remedy at law, 

unless enjoined by this Court. 

43. AT&T has had notice of the ’134 Patent at least as of the date of this Complaint. 

COUNT TWO 
Infringement of the ’775 Patent  

44. Plaintiff repeats and incorporates by reference each preceding paragraph as if 

fully set forth herein and further states: 

45. On January 17, 2017, the United States Patent and Trademark Office duly and 

legally issued the ’775 Patent entitled “Mitigation of transmitter passive and active IMPs in real 

and continuous time in the transmitter and co-located receiver.” A true and correct copy of the 

’775 Patent is attached as Exhibit 2 to this Complaint. 

46. Finesse owns all rights, title, and interest in and to the ’775 Patent, including the 

right to assert all causes of action under the ’775 Patent and the right to any remedies for the 

infringement of the ’775 Patent. 

47. The’775 Patent generally relates to technology that removes interference in 

cellular wireless communications systems affected by PIM. The claims of the ’775 Patent, 

including claim 1, recite novel and inventive systems and methods for the reduction and 

cancellation of PIM interference, including using a digital-signal processor-based approach in 

digital hardware to mitigate PIM on an on-going basis without the need for an on-site technician. 
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48. For example, claim 1 of the ’775 Patent recites: 

1. A method for performing interference cancellation in a receiver, 
with a transmitter and the receiver being co-located with each 
other, the method comprising: 

generating intermodulation product (IMP) cancellation signals 
(ICSs) to cancel passive IMPs in the receiver, continuously and 
near real time, using copies of transmitter signals of the 
transmitter, wherein the passive IMPs are generated in passive 
transmitter components of the transmitter and receiver components 
of the receiver after a high powered amplifier (HPA) and 
transmitter filter of the transmitter, wherein the transmitter filter is 
coupled between the HPA and an antenna used by the transmitter, 
wherein generating the ICSs is based on a power series description 
of a non-linear process for generating the IMPs, and includes 
generating an n-th order ICS by, given three signals S1, S2 and S3, 
digitally multiplying and filtering S1×S1×S2 and S1×S2×S2 and 
S1×S2×S3 and S1×S1×S3 and S2×S2×S3 and S1×S3×S3 and 
S2×S3×S3, where n is an integer. 

49. AT&T has directly infringed and continues to directly infringe, literally and/or 

under the doctrine of equivalents, one or more claims, including at least claim 1, of the ’775 

Patent in violation of 35 U.S.C. § 271(a). For example, AT&T has, without authorization, 

operated, used, and sold, and continues to operate, use, and sell, access to its 4G/LTE and 5G 

mobile network that includes the AT&T Base Stations (“’775 Accused Instrumentalities”), which 

are capable of mitigating interference caused by PIM by reducing or cancelling PIM in the 

manner described in the claims of the ’775 Patent, thereby infringing at least claim 1 of the ’775 

Patent. AT&T’s infringing use of the ’775 Accused Instrumentalities includes its internal use and 

testing of the ’775 Accused Instrumentalities. 

50. The ’775 Accused Instrumentalities satisfy all claim limitations of one or more of 

the claims of the ’775 Patent, including at least claim 1.  
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51. By way of a non-limiting example, upon information and belief, the AT&T Base 

Stations comprise a transmitter and a receiver being co-located with each other for performing 

interference cancellation in a receiver.19  

52. The ’775 Accused Instrumentalities generate ICSs to cancel passive IMPs in a 

receiver, continuously and near real time, using copies of transmitter signals of a transmitter. The 

AT&T Base Stations recognize the source transmission signal in a baseband and make a copy of 

the signal.20 A PIM signal function of the known transmission signal is then generated to remove 

PIM from the receiving signal.21 

53. The ’775 Accused Instrumentalities generate ICSs, wherein the passive IMPs are 

generated in passive transmitter components of the transmitter and receiver components of the 

receiver after a high powered amplifier (HPA) and transmitter filter of the transmitter. The 

AT&T Base Stations implement cancellation of PIM distortion in the digital domain based on a 

known baseband transmitted signal.22 Estimated PIMs will be subtracted from a primary signal, 

and a desired baseband signal is obtained thereafter.23 

 
19  Nokia, Nokia AirScale Base Station Brochure, at 3, available at 
https://onestore.nokia.com/asset/f/200024 (last visited Feb. 17, 2021). 
20  Göransson, supra note 13, at 36; Wojciech Zmyślony (Nokia), Bringing the 
telecommunication solution to the next level: Passive Intermodulation Cancellation (2019), at 
92–93, available at https://nokiawroclaw.pl/wp-content/uploads/2019/08/Nokia_book4.pdf 
(published in the European Software and Engineering Center in Wrocław).  
21  Matias Pihlman, Passive Intermodulation in Passive Radio Frequency Filters, Oulu 
Univ. of Applied Sciences (Spr. 2016), at 21–22, available at 
https://core.ac.uk/download/pdf/38139141.pdf.  
22  Fan Chen (Ericsson AB), Passive Inter-modulation Cancellation in FDD System, Lund 
Univ. (Mar. 2017), at 17, available at https://www.eit.lth.se/sprapport.php?uid=985.  
23  Id.; Nokia AirScale Radio Description (DN09236379, Issue 02, Approval Jan. 25, 2017), 
at 27. 
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54. The ’775 Accused Instrumentalities comprise a transmitter filter coupled between 

the HPA and an antenna used by the transmitter. The AT&T Base Stations generate the PIM 

between the downlink signal of the transmitter and the uplink signal of the receiver (e.g., a 

transmitter filter coupled between the HPA and an antenna used by the transmitter).24 

55. The ’775 Accused Instrumentalities generate the ICSs based on a power series 

description of a non-linear process for generating the IMPs, and generate an n-th order ICS 

(where n is an integer). Intermodulation intercept points (i.e., measure of linearity of an RF 

device), particularly third-order intercept points, are calculated by AT&T’s Base Stations owing 

to the third-order IMPs’ (e.g., an n-th order ICS) having the highest level and being nearest to the 

original signals.25 The ’775 Accused Instrumentalities achieve this n-th order ICS generation by 

digitally multiplying and filtering three signals (e.g., S1, S2, and S3) accordingly: S1×S1×S2 and 

S1×S2×S2 and S1×S2×S3 and S1×S1×S3 and S2×S2×S3 and S1×S3×S3 and S2×S3×S3.26 

56. Since having notice of the ’775 Patent, AT&T has indirectly infringed and 

continues to indirectly infringe the ’775 Patent in violation of 35 U.S.C. § 271(b) by taking 

active steps to encourage and facilitate direct infringement by others, including OEMs, agent-

subsidiaries, affiliates, partners, service providers, manufacturers, importers, resellers, customers, 

and/or end users, in this district and elsewhere in the United States, through the dissemination 

and maintenance of the ’775 Accused Instrumentalities and the creation and dissemination of 

promotional and marketing materials, supporting materials, instructions, product manuals, and/or 

 
24  Chen, supra note 22, at Fig. 4.2; Nokia AirScale Radio Description, supra note 23, at Fig. 
6. 
25  Pihlman, supra note 21, at 22; Zmyślony, supra note 20, at 93. 
26  Chen, supra note 22, at 22; Zmyślony, supra note 20, at 93. 

Case 2:21-cv-00316   Document 1   Filed 08/23/21   Page 17 of 21 PageID #:  17



 18 
8378722v1/016674 

technical information relating to such products with knowledge and the specific intent that its 

efforts will result in the direct infringement of the ’775 Patent. 

57. For example, AT&T took active steps to encourage end users to utilize its mobile 

network in the United States in a manner it knows will directly infringe each element of at least 

claim 1 of the ’775 Patent, including by selling access to its 4G/LTE and 5G mobile network and 

encouraging users to operate devices on that network, despite knowing of the ’775 Patent and the 

fact that such usage of its network will require reduction or cancellation of PIM in a manner that 

infringes the ’775 Patent. The infringing aspects of the ’775 Accused Instrumentalities otherwise 

have no meaningful use, let alone any meaningful non-infringing use. 

58. Such active steps include, for example, advertising and marketing AT&T’s 

mobile network, marketing and selling of devices capable of or intended for use on that network, 

publishing manuals and promotional literature describing and instructing users to utilize its 

network, and offering support and technical assistance to its customers that encourage use of the 

network in ways that will require reduction or cancellation of PIM in a manner that directly 

infringes at least claim 1 of the ’775 Patent. 

59. AT&T undertook and continues to undertake the above-identified active steps 

after receiving notice of the ’775 Patent and how those steps induce infringement of the ’775 

Patent. 

60. AT&T’s acts of infringement have caused and continue to cause damage to 

Finesse, and Finesse is entitled to recover from AT&T the damages it has sustained as a result of 

those wrongful acts in an amount subject to proof at trial, but in no event less than a reasonable 

royalty for the use made of the invention in the ’775 Patent, together with interest and costs as 

fixed by the Court. AT&T’s infringement of Finesse’s rights under the ’775 Patent will continue 
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to damage Finesse, causing irreparable harm for which there is no adequate remedy at law, 

unless enjoined by this Court. 

61. AT&T has had notice of the ’775 Patent at least as of the date of this Complaint. 

DEMAND FOR JURY TRIAL 

62. Finesse hereby demands a jury trial pursuant to Federal Rule of Civil 

Procedure 38. 

FEES AND COSTS 

63. To the extent that AT&T’s willful and deliberate infringement or litigation 

conduct supports a finding that this is an “exceptional case,” an award of attorneys’ fees and 

costs to Finesse is justified pursuant to 35 U.S.C. § 285. 

PRAYER FOR RELIEF 

 WHEREFORE, Finesse prays for relief against AT&T as follows: 

a. Declaring that AT&T has infringed the Asserted Patents, contributed to the 

infringement of the Asserted Patents, and/or induced the infringement of the Asserted Patents; 

b. Awarding Finesse damages arising out of this infringement of the Asserted Patents, 

including enhanced damages pursuant to 35 U.S.C. § 284, and prejudgment and post-judgment 

interest, in an amount according to proof; 

c. Permanently enjoining AT&T, its respective officers, agents, servants, employees, 

and those acting in privity with it, from further infringement, including inducing infringement 

and contributory infringement, of the Asserted Patents; 

d. Awarding attorneys’ fees pursuant to 35 U.S.C. § 285 or as otherwise permitted by 

law; and 

e. Awarding to Finesse such other costs and further relief as the Court deems just and 

proper. 
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RADIO RECEIVER 

PRIORITY 

The present patent application claims priority to the 5 

corresponding provisional patent application Ser. No. 
60/290, 781, titled, "Harmonically Compensated Software 
Radio Receiver HCSRR" filed on May 15, 2001, the corre
sponding provisional patent application Ser. No. 60/309, 
602, titled, "Harmonically Compensated Software Radio 10 

Receiver HCSRR with a Low IF" filed on Aug. 3, 2001, the 
corresponding provisional patent application Ser. No. 
60/311,942, titled, "Harmonically Compensated Software 
Radio Receiver HCSRR With a Low IF" filed on Aug. 13, 
2001, and the corresponding provisional patent application 15 

Ser. No. 60/328, 125, titled, "Harmonically Compensated 
Software Radio Receiver HCSRR With a Low IF and a 
Non-linear Delta Modulated Transmitter" filed on Oct. 9, 
2001. 

20 

FIELD OF THE INVENTION 

2 
SUMMARY OF THE INVENTION 

A method and apparatus for processing signals is 
described. In one embodiment, the method comprises over
sampling, at a desired frequency, a passband of received 
signals to create a bitstream. The received signals include 
signals of interest and interference generating signals. The 
interference generating signals capable of generating inter
modulation products inband of the signals of interest. The 
method also includes isolating signals of interest in the bit 
stream using one or more decimating filters, isolating source 
signals that generate one or more intermodulation products 
inband of the signal of interest using one ore more decimat
ing filters, computing an estimate of each of the one or more 
intermodulation products from the source signals that gen
erate the one or more intermodulation products, and can
celing out one or more inband intermodulation products 
using the estimate of the intermodulation products. 

BRIEF DESCRIPTION OF THE DRAWINGS 

The field of the invention relates to the field of radio 
receivers and nonlinear transmitters. More specifically, the 
invention relates to harmonically compensated radio receiv
ers that demodulate multiple modulations and bandwidth 
signals and provide interference compensation. 

The present invention is illustrated by way of example 
and is not limited in the figures of the accompanying 
drawings in which like references indicate similar elements 

25 and in which: 
FIG. 1 illustrates a block diagram of a prior art wireless 

transmitter/receiver. 

BACKGROUND OF THE INVENTION 

FIG. 2A illustrates a block diagram of an embodiment of 
a radio receiver that includes an intermodulation compen-

30 sator. 
FIG. 28 illustrates a block diagram of an alternative 

embodiment of an intermodulation compensator. 
FIG. 3 illustrates a block diagram of an alternate embodi

ment of the receiver having a sample rate multiplier and an 
35 intermodulation compensator. 

FIG. 1 illustrates a block diagram of a prior art wireless 
transmitter/receiver. Referring to FIG. 1, duplexer 100, in 
cooperation with an antennae, sends signals to a receiver 110 
and will suffer transmitter feed thru in the duplexer from 
signals from a transmitter 120. During reception, duplexer 
100 sends a signal of interest (SOI) (which is included in the 
entire receive band of the receiver) through a low noise 
amplifier (LNA) 130 and a surface acoustic wave (SAW) 
filter 140 to receiver 110. Receiver 110 uses a mixer 112 to 
mix a timing signal from a local oscillator (LO) 150 with the 
signal-of-interest (including the entire signal band pass as 
passed thru SAW filter 140) and down converting it to an IF, 
before demodulating the signal with a receiver processor 
114. The demodulated signal is sent to a baseband processor 
160 for further processing. During transmission, baseband 
processor 160 sends a signal to be transmitted to the trans
mitter device 120. Transmitter device 120 processes the 
signal with a transmitter processor 122, before using a mixer 
124 to mix the signal with a signal from the local oscillator 

50 
150. The mixer 124 up converts the transmit signal to the 
desired RF transmit frequency. A high power amplifier 
(HPA) amplifies the signal, before being sent by duplexer 
100 to the antenna for transmission over the air. 

FIG. 4 illustrates a block diagram of an alternate embodi
ment of the receiver having a sample rate multiplier and an 
intermodulation compensator. 

FIG. 5 illustrates a block diagram of an alternate embodi-
40 ment of the receiver having an image reject filter to limit the 

sources of interference affecting the signal of interest. 
FIG. 6 illustrates a flow chart of a process for compen

sating for intermodulation. 
FIG. 7 illustrates a block diagram of one embodiment of 

45 a receiver in which multiple mobile telephony standards 
supported include CDMA2000, AMPS, TDMA, GSM and 
3GWCDMA. 

FIG. 8 illustrates a block diagram of one embodiment of 
a receiver showing the relationship with multiple vendors' 
baseband processors for multi-standard mobile telephony. 

FIG. 9 illustrates a block diagram of one embodiment of 
a receiver that supports WLAN 802.lla and 802.llb and 
Bluetooth and provides mitigation of the interference of 
Bluetooth on 802.llb. 

FIG. 10 illustrates a block diagram of one embodiment of 
a receiver showing the relationship with multiple baseband 
processors for multi-standard mobile telephony as well as 
the WLAN and PAN. 

FIG. 11 illustrates the phase as adjusted by a desired 

One of the common problems associated with wireless 55 
communications is unwanted signals intermixed with the 
information signal. These unwanted signals are referred to as 
interference. This interference can alter a radio frequency 
(RF) reception so that a receiver does not receive the 
information signal as intended. 60 increment. 

To remove interference, filtering is often performed. The 
filtering may be performed in the analog or digital domain. 
In one commonly used technique, digital samples are low 
pass filtered to eliminate the higher harmonics above a 
baseband signal. However, this technique does not eliminate 
the interference due to the tails of the harmonic images that 
extend into the baseband signal. 

FIG. 12 illustrates the sampled images prior to band pass 
filtering. 

FIG. 13 is a block diagram of one embodiment of a 
receiver having Quad-Mode Dual Band IF Sampling with an 

65 IF Filter. 
While the invention is subject to various modifications 

and alternative forms, specific embodiments thereof have 
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In the embodiment where in a flash AID converter is used, 
the sampling rate required in the same as that of the Sigma 
Delta AID only many bits are required for each sample 
instead of only 1 or 2. This may not be practical in cases 

been shown by way of example in the drawings and will 
herein be described in detail. The invention should be 
understood to not be limited to the particular forms dis
closed, but on the contrary, the intention is to cover all 
modifications, equivalents, and alternatives falling within 
the spirit and scope of the invention. 

DETAILED DESCRIPTION 

5 where there are large interfering signals because the entire 
pass band is sampled and the sampling is done to a level of 
detail (number of bits) so that the signal of interest (SOI) can 
be distinguished from the interfering signals in the time 
domain. In cases where there are not large interfering signals 

This invention uses an over sampling technique known as 10 and a large dynamic range is not required, a flash AID 
converter may be used in place of the Sigma Delta. In this 
case, the AID converter is followed by conventional digital 
filters to isolate the SOI and the interfering and source 
signals. Other attributes of this invention are the same for 

a Sigma Delta Modulator, but uses it in a non-conventional 
way to achieve several benefits to be covered herein. (Note 
that in one embodiment a Flash AID converter with sufficient 
resolution can be used, but will require a large dynamic 
range to accommodate very large jamming signals in the 
receive pass band and very high sampling speed to prevent 
aliasing). The full receive band, with the signal of interest 
(SOI) and all of the interfering signals and sources of 
intermodulation products, is processed by over-sampling the 
entire band at very low quantization, 1 or 2 bits. In one 
embodiment the transmitter feed thru is included in the band 
pass of the signal to be sampled by the Sigma Delta 
Modulator. In other embodiments, only the receive band is 
included. In the Sigma Delta Modulator, the sampling is 
done at a rate high enough to preclude aliasing of the signal 25 

(at a rate above the Nyquist rate). This provides a very low 
resolution digital sample of the passband. The 1 or 2 bit 
samples are input to several decimating filters associated 
with the Sigma Delta AID converters simultaneously. These 
filters provide digital filtering for different signals of the 30 

receive band as well as performing the down sampling 
function in which the high sample rate of the Sigma Delta 
AID is traded for a higher signal to noise ratio and greater 
quantization of a much more narrow band signal. 

15 both of these embodiments (using a sigma delta and for 
using a flash AID). 

As is discussed below in one embodiment, a low resolu
tion flash AID may be used in conjunction with the sigma 
delta, but the low resolution flash AID samples are only used 

20 for the energy search function and not the signal processing 
function. In another embodiment, the low resolution flash 
AID converter samples are used to generate estimates of the 
intermodulation products that fall inband of the signal of 

The high speed over sampling with the Sigma Delta 35 

Modulator followed by the use of decimating filters two to 
produce two results. First, the filtering is done at a high 
sampling rate (see FIGS. 12A and B for example) and thus 
the images are farther apart and the power in the tails that is 
aliased in is much lower. Second, use of the Sigma Delta 40 

modulators followed by decimating filters allows for using 
the Sigma Delta AID converter to process multiple different 
signals in the passband simultaneously. This keeps the signal 
synchronized and allows for the interference cancellations 
described in more detail below. It also provides for selec- 45 

tively using different decimating filters to process different 
types and modes of signals in the same band, such as, for 
example, CDMA, TDMA, AMP, GSM, WCDMA, etc. In 
one embodiment, using a single Sigma Delta or flash AID 
converter to sample the entire passband and then following 50 

this with selectable decimating filters provides the capability 
to process multiple signals within the passband simulta
neously allowing a single receiver to receive multiple sig
nals simultaneously. 

In FIG. 12, the sampled images prior to band pass filtering 55 

are shown. The sampling can be an exact harmonic of the 
final sampled carrier frequency (prior to output to a base
band processor or it can be selected to accommodate a near 
zero IF). If the sampling is not a even harmonic, the images 
will appear in different locations. In FIG. 12, the images are 60 

shown after band pass filtering. If the sampling rate fs is 
higher, the images are farther apart and the energy available 
to alias in to the desired image is less. The high rate, but low 
resolution sampling, of the Sigma Delta Modulator places 
these images at multiples of the high sampling rate fs. When 65 

these signals are bandpass filtered, there is little aliasing 
energy. 

interest. 
The Harmonically Compensated Multi-Mode Radio 

Receiver uses a Sigma Delta over-sampling AID converter 
in a non-traditional way. Note this is referred to herein as a 
Sigma Delta Modulator. The use of a Sigma Delta Modular 
is independent of the target RF (radio frequency) because for 
all applications, the desired receive passband is down con
verted to the same convenient intermediate frequency (IF). 
In different embodiments of this invention, some LO mixing 
frequencies and some of the filters are different to accom
modate different RF frequencies and bands of interest. In 
one embodiment, this invention, a low resolution (1 or 2 bits; 
1 bit will be used for discussion) Sigma Delta AID converter 
in used to sample the entire receive pass band (to include 
relevant interfering signals and signals which can mix with 
other signals to produce intermodulation signals in the signal 
of interest (SOI) band). In alternative embodiments of this 
invention, the transmit feed thru band may also be included 
in the processed band to cancel interference in the receive 
band from the transmitter feed thru in full duplex operation.) 
This low resolution sampling is done at a sufficiently high 
enough rate to preclude aliasing (i.e. at a rate above the 
Nyquist rate for the entire receive band and transmit band if 
required). 

In applications where a device is designed to process, "to 
be selected", bands within a receive band, the entire receive 
band is processed. Some examples include mobile tele
phony, CDMA, TDMA. AMPS, GSM and wireless LAN 
and PAN applications such at 802.lla and 802.llb and 
Bluetooth and others. 

The high rate, low resolution, sampled passband digital 
signal is duplicated and input to several digital filters (of the 
Sigma Delta AID Converter) simultaneously. In a prior art 
application of a Sigma Delta Converter, there is only one 
filter for the signal of interest (SOI). In the present invention, 
there are multiple filters that process the same high rate, low 
resolution samples. This provides for high resolution 
samples of narrow band selectable signals within the pass-
band. Thereafter these narrow band signals are narrow band 
filtered and high resolution quantization is applied after the 
sigma delta decimating filters. 

This selectivity of various signals with various band
widths provides a number of benefits. First, the signal of 
interest (SOI) can be isolated from the interfering signals 
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and the interfering signals and sources of interfering signals 
can be isolated from the SOI. With this isolation, the 
interfering signals can be processed and digitally subtracted 
from the SOI. If the interfering signals are narrowband and 
high power with respect to the SOI and inband, narrow 5 

filters can be placed around the interfering signals and the 
interfering signals can then be subtracted from the SOI. As 
described in more detail below, this is one solution for 
mitigating the Bluetooth interference on 802.11 b. If the 
interfering signals are produced by the generation of inter- 10 

modulation products that fall in band of the SOI, the source 
signals can be isolated and used to generate a copy of the 
SOI inband interfering intermodulation product and then it 
can be cancelled out. This is one solution for mitigating 3rd 

order inter-mods in CDMA telephony and other applica- 15 

tions. 

6 
This invention is applicable to many communications 

systems to include wired and wireless. It can be used for 
satellite communications, fixed wireless, cable modems, 
DSL and many others. 

The following are definitions of some of the terms used 
herein. 

Signal of Interest (SOI)-with respect to the receiver, a 
signal that the receiver is trying to receive and send, in 
digital form, to the baseband processor. 

Jammer Signal-any signal in the receive pass band that 
is not the intended signal of interest (SOI). 

Interfering Signal-any unwanted signal that falls inband 
of the signal of interest (SOI) 

Intermodulation or Intermodulation product-the signal 
that results from mixing of jammer signals in the non
linearities of the system that result in generating interfering 
signals in the pass band of the signal of interest (SOI). 

Source Signals-Signals that mix in the non-linearities to 
produce intermodulation products that fall inband of the 

20 signal of interest (SOI). 

Another key feature is that the digital filters used as the 
decimating filters in the Sigma Delta AID converter can be 
programmed to isolate any signal in the passband. Since the 
passband may contain many signals for different standards 
and modes, the present invention can be implemented to 
select any mode or band desired within the passband thereby 
yielding a multimode multi-standard receiver with interfer
ence mitigation. Frequency hopped signals are accommo
dated by using programmable digital filters to pass the 25 

hopped signals in different portions of the receive pass band. 
This provides for a single receiver to process many tele
phony signals to include CDMA, TDMA, AMPS, GSM and 
3G and others. The same receiver can process wireless LAN 
and 802.lla and 802.llb with Bluetooth. Note that all RF 
signals are down converted to a common IF. This invention 
will be able to process any signals in the passband. It will 
then support any standard baseband processor. Subject to the 
particular implementation, some or all of these and other 
standards may be supported. 

IIP2 and IIP3-Input intercept points for 2nd and 3rd order 
products produced by mixing of janiming signals. The IIP2 
and the IIP3 are measurements that predict the magnitude of 
the interfering signals. 

Sigma Delta Modulator-A circuit that generates a low 
resolution high rate digital sample of a wave form 

Decimating Filter-A filter associated with the Sigma 
Delta Modulator or any digital down sampling filter. It 
provides narrow band filtering of the high speed, wide band, 

30 low resolution digital signal out of the sigma delta modu
lator and outputs a narrow band high resolution digital signal 
with many more bits of quantization. It may be a combina
tion of multiple filters, but can be implemented as a FIR 
filter. It may be a multi-stage structure that filters and down 

35 samples in multiple steps. Decimating filters are used with 
conventional AID converters, as well as sigma delta con-
verters. 

While the description herein uses certain bandwidths and 
sampling rates, this invention may be used at any frequency 
and band pass required by implementing it in different 
technologies such as CMOS, BiCMOS, SiGe, GaAs and 
others. 40 

The receiver is not a classical direct conversion receiver, 
but it does have the advantages of direct conversion without 
the disadvantages. In one embodiment, there is only one LO 
and mixer and there is no IF SAW filter. The receiver takes 

The architecture described can support any signaling 
scheme. Based on the use of clocking speeds required, 
different technologies with different frequencies responses 
may be used. It is envisioned that as semiconductor tech
nologies advance, the present invention may be used for 
higher frequencies and wider band widths. 

The present invention provides for multi-band, multi
mode, multi-standard receivers with interference mitigation 
from intermodulation products and from high amplitude 
narrowband in-band interfering signals. This invention 
assumes that all signals in a given RF band are received from 
the same antenna and are processed in the same receive 
chain. No independent received chains or directional anten
nas are required, while these may provide some additional 
benefit. 

The passband can be made wide enough to include the 
feed thru from the transmitter in the duplexer, and the 
transmit feed thru can be treated just like any other j animing 
or intermodulation source signal. In one embodiment, the 
receiver has a copy of the transmit signal after it has gone 
thru the transmitter high power amplifier (HPA) and this 
signal can be sent to the transmitter for calibrating at the 
non-linear pre-distortion in the transmitter. This predistor
tion pre-compensates for the amplitude to amplitude (AM/ 
AM) and the amplitude to phase (AM/PM) non-linear dis
tortion in the HPA. This is described in FIG. 3. 

in analog RF and outputs digital I and Q samples to the 
baseband processor for multiple standards. In other embodi
ments requiring extremely high dynamic range, the IF SAW 

45 filter may be included. 
In the following description, numerous specific details are 

set forth, such as examples of specific signals, named 
components, connections, circuit layouts of intermodulation 
compensation components, etc., in order to provide a thor-

50 ough understanding of the present invention. It will be 
apparent, however, to one skilled in the art that the present 
invention may be practiced without these specific details. In 
other instances, well known components or methods have 
not been described in detail but rather in a block diagram in 

55 order to avoid urmecessarily obscuring the present inven
tion. The specific details set forth are merely exemplary. The 
specific details may be varied from and still be contemplated 
to be within the spirit and scope of the present invention. 

In general, various apparatuses and methods are described 
60 to reduce interference in a signal of interest that is going to 

be subsequently digitally down-converted. In an embodi
ment, a radio receiver includes a sampling rate multiplier 
coupled to one or more decimating filters ( e.g., impulse 
response filters). In an embodiment in which a flash AID 

65 converter is used instead of a sigma delta AID converter, 
these filters are conventional digital filters and may or may 
not be FIR filters. The sampling rate multiplier samples a 
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signal at an intermediate frequency (IF) that is to be 
demodulated at a sampling rate that is significantly greater 
than the sampling rate of a subsequent digital down con
version. The over sampling ratio will be between 10 and 100 
normally. The filters associated with the sigma delta con- 5 

verter are rather complex and there may be a number of 
filters embodied in the decimating filters. The filters are 
decimating filters (e.g., FIR filters) that provide both the 
narrowband filtering and the down sampling functions. Each 
impulse response filter filters digitally a signal of interest 10 

and down-samples the signal at the second sampling rate in 
order to reduce interference in a signal of interest prior to the 
final digital down conversion. The decimating filters also 
increase the SNR in the narrow band signal by trading the 
wideband high sample rate for a narrow band lower sample 15 

rate at a greater number of bits of quantization. 
The radio receiver may also include intermodulation 

compensator to compensate for interference from non-lin
earities present in the system. The radio receiver may also 
include the capability to cancel high amplitude narrow band 20 

interfering signals from wideband low amplitude signals of 
interest. 

FIG. 2A illustrates a block diagram of one embodiment of 

8 
In one embodiment, radio reciever 200 processes radio 

frequency (RF) signals received through antenna 218 with a 
convenient intermediate frequency. Receiver 200 samples 
the intermediate frequency with the low resolution (1 bit) 
sampling rate multiplier 202 and filters the digital samples 
with the one or more ( decimating filters) FIR filters 206 and 
208 as part of a subsequent digital down-conversion. 

Radio receiver 200 also uses intermodulation compensa
tor 204 to compensate for intermodulation products pro
duced by the system non-linearities. Intermodulation com
pensator 204 estimates the non-linearities and 
intermodulation products prior to final digital conversion at 
baseband and output to the digital baseband processor(s) and 
uses these estimates to cancel out interference due to the 
non-linearities in the signal of interest (SOI). 

Radio receiver 200 has two parts: 1) sampling rate mul
tiplier 202 coupled one or more FIR filters 206 and 208 and 
2) intermodulation compensator 204. In the first part, radio 
receiver 200 significantly reduces the interfering signals and 
noise in the signal receive band via the RF SAW filter. 
Demodulation at an intermediate frequency (IF) via a sub-
sampling technique (subsampling downconversion and deci
mation filtering) provides close-in rejection of unwanted 
signals. The IF analog waveform is sampled at a high rate a radio receiver. Referring to FIG. 2A, the receiver 200 

includes sampling rate multiplier 202, intermodulation com
pensator 204, a finite impulse response (FIR) filter 206 and 
a second FR filter 208, a low noise amplifier (LNA) 210, a 
duplexer 212, a surface acoustic wave (SAW) filter 214, and 

25 relative to the bandwidth of the SOI and then the SOI is 

a clock generator 216. In one embodiment, clock generator 
function 216 is a dual function element in that it generates 30 

the mixing signal for a down conversion mixer and the 
sampling clock for sampling rate multiplier 202. In one 
embodiment, sampling rate multiplier 202 may comprise a 
Sigma Delta AID converter or other similar device. A Sigma 
Delta AID converter has a high bandwidth and samples at a 35 

rate greater than the final digital down conversion. The 
filtering and the down-sampling are done in the decimating 
filters of the sigma delta converter. The decimating filters 
may be FIR filters or a combination of digital filters. In the 
sigma delta terminology, the function is called the decimat- 40 

ing filters. In an embodiment, FIR filters 206 and 208 
comprise other filters such as decimating filters. In an 
embodiment, clock generator 216 is a local oscillator and 
generates the sampling clock for a sigma delta modulator. In 
one embodiment, a high bandwidth signal consists of a input 45 

frequency bandwidth of 60 to 140 megaherz or greater. The 
LO for down convertion to the IF is selected based on the RF 
band of interest ( example around 1300 MHz for PSC band 
1900 MHz down converted to 600 MHz IF). In one embodi
ment, the clock signal for the sigma delta AID converter is 50 

at least 2.5 times the bandwidth of the fitler 214. For a band 

filtered by the decimating filter which then yields a narrow
band signal with a high SNR and greater quantization from 
1 bit to 6 or 8 bits. The harmonics of the sampling function 
are spaced a multiples of the sampling rate and thus a high 
sampling rate places the harmonics far apart. When the 
decimating filter performs the filtering on these harmonics, 
the tails from undesired harmonics and close in interfering 
signals are eliminated or greatly reduced. This steep filtering 
is possible in the digital domain, but is not as easily done in 
the analog domain. If the image filtering were performed 
after the down sampling as in a conventional AID converter, 
the images would be closer together and there would be a 
greater aliasing problem. The steep filtering of close in 
signals would most likely still be achievable given sufficient 
quantization. 

In one embodiment, sampling rate multiplexer 202 com
prises a Sigma Delta analog to digital (AID) converter that 
takes digital samples of the waveform at the IF. Each of FIR 
filters 206 and 208 filters the digital data samples from the 
Sigma Delta AID converter prior to a subsequent (and first) 
digital down-conversion. In one embodiment, down-sam-
pling the Sigma Delta samples occurs at, typically at least 4 
to 8 times the symbol rate of this subsequent digital down
conversion. Since each of FIR filters 206 and 208 may be a 
fractionally spaced FIR, the band-shape around the desired 
signal can be controlled very accurately. In one embodiment, 
Sigma Delta AID converter 202 samples at a rate 5 to 10 or 
more times the rate of the final digital down sampling rate 
and with an OSR of 10 to 20 or more. Thus, the sampling 

width of 120 MHz, the sampling rate is around 350 MHz. 
Two factors contribute greatly to determining the sigma 
delta sampling rate. First, the sampling rate is high enough 
to preclude aliasing and second the over sampling ratio 
(OSR) is high enough to yield adequate signal to noise ratio 
(SNR) after the decimating filters. The OSR is the ratio of 
the sigma delta 1 bit sampling rate to the nyquist sampling 
rate of the signal after the decimating filter. In one embodi
ment, the OSR is at least between 8 and 16 for rd or 3rd 
order sigma delta loop. This yields a SNR of around 40 dB, 
which, in tum, yields 6 bits of resolution. 

55 images are 5 to 10 times or more times farther apart in the 
frequency domain. Since each of FIR filters 206 and 208 
filters at the Sigma Delta rate, the aliasing tails are signifi
cantly reduced when aliased into the baseband as a result of 
the final digital down-sampling. FIR filters 206 and 208 

Note that in alternative embodiments the oversampling 
may be performed at baseband, RF, medium IF ( e.g., at a 
frequency that is 1/2, 1/3, 1/4 the difference between RF and 
baseband), or low IF ( e.g., at a frequency that is less than five 
times the data bandwidth), as well as at IF. 

60 provide an "effective" sharp filter on the radio-frequency 
signal, and each harmonic, that assists in reducing close-in 
jamming signals. Aliasing tails from the harmonics appear 
as unwanted high-frequency signals and if not for FIR filters 
206 and 208 could appear as undesired components in the 

65 digital signal after conversion into a digital value. In an 
embodiment, each FIR filter has programmable tap weights. 
The tap weights can be selected to compensate for either 
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alpha band limiting or jannner rejection as described in more 
detail below. Alpha is the expansion over the Nyquist 
bandwidth i.e. 0.1 to 0.25 typically; this band limits the 
signal by introducing controlled inter-symbol interference. 

10 
Referring to FIG. 28, intermodulation compensator 204 
operates similarly to the operation of the receiver in FIG. 2A 
described above. Intermodulation compensator 204 com-

Intermodulation compensator 204 provides compensation 5 

for intermodulation products produced by the non-linearities 

prises a FIR filter and down sample cell that generates 
signals 206, 208A and 2088. In one embodiment, signal 206 
is a 20 Mega sample per second, 6 bit signal of interest. 

in the system, such as those produced by the nonlinearities 
reflected in the input intercept points 2 and 3 (IIP2 and IIP3) 
measurements. The IIP2 and IIP3 are measurements that 
predict the magnitude of intermodulation products as a 
function of the input power level and non-linearities of the 
system. 

In one embodiment, intermodulation compensator 204 
receives two or more bit streams from Sigma Delta AID 
converter 202 (based on the implementation and how many 
interfering signals are to be compensated), because Sigma 
Delta AID converter 202 outputs two or more copies of the 
digital samples at a sampling rate greater than the sampling 
rate of the final digital down conversion. One output from 
Sigma Delta AIC converter 202 is sent to FIR filter 206, 
while the other copy is sent to FIR filter 208. FIR filter 206 
operates as a band pass filter and filters one bit stream from 
Sigma Delta AIC converter 202 for the signal of interest, 
(such as the desired digital information signal at the IF), 
thereby producing the signal-of-interest that includes the 
in-band interference signal, but not the source signals if the 
interference signal was a product of intermodulation mixing. 

In one embodiment, FIR filter 208 operates as a band 
reject digital filter at the passband of interest for the signal 
of interest and produces a copy of the out-of-band signals 
that are the source of the in-band interference intermodula
tion products. The out-of-band signals are used to compute 
estimates of the in-band intermodulation products, which are 
then used to cancel the interference. A processor 220 com
putes the expected in-band interfering signals based on the 
IIP2, IIP3, and other attributes of the system such as phase 
and amplitude offsets. 

FIR filter 222 is a band pass filter that passes the inter
modulation products that fall in band of the SOI. The 
estimate of the interfering signal is inverted to produce a 
cancellation signal 224. An adder 226 adds the inverted 
cancellation signal 224 into the original desired signal from 
FIR filter 206 to cancel interference signals within the 
original Signal of Interest (SOI). 

The output of adder 226 is input to correlator 228. In one 
embodiment, correlator 228 cross correlates the inverted 
estimate of the interfering signals with the SOI after the 
addition of the estimate of the intermodulation interference 
and uses a zero forcing ( or other adaptive algorithm that 
reduces, and potentially minimizes, the interference such as, 
for example, a dither algorithm) algorithm 230 to force the 
cross correlation to approach a minimum ( e.g., until the 
cross correlation is at a minimum). More specifically, cor
relator 228 adjusts the phase and amplitude of the estimated 
interference signals with a zero forcing ( or other adaptive) 
algorithm 230 to create control signals that are fed into and 
control the invert cancellation signal 224. This control loop 
may run continuously to adaptively cancel the in-band 
interfering signals. 

The output of adder 226 is also fed into low pass filter 
232. Low pass filter 232 performs data band pass filtering to 
remove any remaining harmonics above the baseband sig
nal. The output oflow pass filter 232 is filtered by high pass 
filter 240 to eliminate any DC offset and to create filtered 
digital baseband signal 250. 

FIG. 28 illustrates a block diagram of a more detailed 
alternate embodiment of an intermodulation compensator. 

Signals 208A and 2088 represent the out of band signals are 
processed by processors 220A and 2208 and they are also at 
20 mega samples per second and 6 bits. Processor 220A and 

10 processor 2208 are used to compute the estimate of the in 
band interference signals which will be used to cancel the 
interference signal inband of the SOI. Processor 220A and 
its associated components 224A and 228A phase adjust, 
amplitude adjust, and perform signal inversion on the com-

15 puted transmitter feed through intermodulation products. 
Processor 2208 and its associated components 2248 and 
2288 phase adjust, amplitude adjust, and perform signal 
inversion on the computed intermodulation product from the 
source signals. The phase and amplitude adjusted inverted 

20 signals from processors 220A and 2208 are added to signal 
206 via adder 226. The resulting signal is output to correla
tors 228A and 2288 as well as I-Q de-interleaver and 
baseband processor interface cell. 

Note that the clocking and sampling rates specified herein 
25 are for one embodiment. In alternative embodiments, dif

ferent clocking and sampling rates, may be for different 
applications and signals of interest. 

FIG. 3 illustrates a block diagram of an alternate embodi
ment of the receiver and a high level embodiment of the 

30 companion non-linear transmitter. Different embodiments 
may have the receiver and/or the transmitter. 

Referring to FIG. 3, the receiver 300 includes a duplexer 
301, an antenna 303, an RF front end cell 305, a down 
converter cell 310, a Sigma Delta cell 315, a flash AID cell 

35 320, a FIR filter and down sample cell 325 (also known a 
decimating filters), a search cell 330, a control and status/ 
house-keeping cell 335, an intermodulation cancellation cell 
340, a baseband processor interface 345. In the receiver, the 
Sigma Delta cell 315 and flash AID cell 320 are sampling 

40 rate multipliers, but are used to two very different purposes. 
In the transmitter, there exists a non-linear pre-distortion 
compensation module 350, an up-sampling and delta modu
lator module 355, and a high power amplifier 360. 

Antenna 303 is connected to duplexer 301. While in 
45 receiver mode, duplexer 301 feeds incoming signals into a 

RF front end (RFFE) cell 305. A RFFE module 306 in the 
cell receives the signal, amplifies the signal with a LNA, and 
filters the signal with a SAW filter. The amplified and filtered 
signal is passed to the IF down converter (DIC) cell 310. DIC 

50 cell 310 uses a down converter module 311 to down convert 
the signal. DIC cell 310 passes copies of the down converted 
analog signal to Sigma Delta cell 315 and flashA/D cell 320. 
Sigma Delta cell 325 uses a Sigma Delta AID converter 
module 316 to produce multiple copies of samples of the 

55 signal to be sent to FIR filter and down sample cell 325 
( decimating filters). 

In one embodiment, FIR filter and down sample cell 325 
contains three modules: a signal-of-interest FIR module 
(decimating filter) 326 to filter and down sample the signal-

60 of-interest, a transmitter feed thru FIR module (decimating 
filters) 327 to filter and down sample the transmitter feed 
thru and the "half way signal", which is a signal half way 
between the transmit and receive band, and a source signal 
FIR module (decimating filters) 328 to filter and down 

65 sample other source signals. These signals are the signals in 
the receive band that create the intermodulation products 
that produce an interfering signal(s) in the SOI pass band. 
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The transmitter feed thru path 327 can be used to cancel a 
close in jammer (close to the receive SOI) that can be 
modulated by the transmit signal feed thru. In one embodi
ment, the transmitter feed thru appears as a modulation on 
a high amplitude close-in blocking signal. The techniques 5 

described herein are intended to include the mitigation of 
this interference by the computation of the resultant inter
ference in the band of the signal of interest. The blocking 
signal is isolated and it is used, along with the transmitter 
feed thru, to compute the estimate of the interference signal 10 

for cancellation of the inband interference. 
The flash AID cell 320 uses a flash AID module to sample 

the receive band to a medium resolution (approximately 4 
bits) at a high enough rate to avoid aliasing. This digital 
sample is sent to the source signal search cell 330. Source 15 

signal search cell 330 uses a search module 331 to search for 
intermodulation source signals. This may be done by a multi 
step process in which the discrete Fourier transform (or a 
Fast Fourier Transform) is computed for a spectral resolu
tion of 3 MHz to look for significant energy (high energy 20 

relative to other components) components in 3 MHz bands. 
For those bands with significant energy, a second set of 
discrete Fourier transforms (or a Fast Fourier Transforms) 
are computed for bands with 300 kHz pass bands. This 
process is continued until the band pass of the source signals 25 

have been isolated. This can be done to any frequency 
resolution desired. In one embodiment, the search is only 
carried to the second level. The source signal search function 
does not isolate and band pass the source signals, but simply 
identifies the bands where they are located. The decimating 30 

filters isolate the source signals. 
In one embodiment, the low resolution 4 bit samples from 

the Flash AID converter are narrow band filtered, around the 
source signals, to yield a 6 to 8 bit sample and these samples 
are used to generate the estimate of the intermodulation 35 

products for the cancellation process. 
The identified frequencies of the intermodulation source 

signals are sent to source signal module 328. In one embodi
ment, a control and status/house-keeping cell 335 controls 
search module 331, the signal-of-interest FIR module 326, 40 

and the transmitter feed FIR module 327. In one embodi-

12 
In one embodiment, transmitter feed thru module 327 

receives a signal from search cell 330 that identifies the 
location of a close-in blocking signal and then transmitter 
feed thru module 327 isolates the blocking signal and uses 
it along with the transmitter feed thru to generate an estimate 
of the interference generated by the transmitter feed thru 
amplitude modulating the blocking signal. 

Baseband processor interface 345 uses a digital word 
de-interleaving module 346 to separate the signal into in
phase and quadrature signals to be sent by baseband pro
cessor. In on embodiment, the baseband processor may 
perform a final digital down conversion. This may be done 
by taking four time samples and using the first two as I and 
Q and dropping the next two. In one embodiment, the first 
and the third samples are averaged to get the I value and the 
second and the fourth are averaged to get the Q sample. In 
some cases, this improves the SNR by 3 dB. If the sample 
rate is not high enough after this is performed, then the 
intermediate values are achieved by interpolation. This 
process guarantees the I and Q signals are in perfect quadra
ture. If the I and Q signals are required to be coherent, a 
phase lock loop can be used to determine the time offset and 
the samples can be shifted achieve coherence. 

In one embodiment, the receiver may digitally down
convert the signal of interest independent of the type of 
modulation associated with the signal because the interfer
ence is being removed from the signal without foreknowl
edge of the type of modulation associated with the signal of 
interest. The type of modulation could be, for example, 
amplitude modulation, frequency modulation, or pulse 
modulation, amplitude phase modulation, phase keyed 
modulation, TDMA, FDMA, CDMA or any other type of 
modulation. The present invention does not require a unique 
modulation for either the signal of interest (SOI) or the 
interfering and cancellation signals. 

In one embodiment, the non-linear transmitter processor 
chain uses a similar architecture to transmit signals, a sigma 
delta DIA converter. In another embodiment, a conventional 
DIA converter with a conventional up conversion scheme 
may be used in conjunction with the non-linear pre-distor
tion. The I and Q digitally sampled signals are sent to a 
non-linear pre-distortion compensation module 350, which 
provides pre-distortion and combines the I and Q signals. In 
one embodiment, samples from the transmitter feed thru 

ment, the control and status function provides information to 
the others cells as to the location of known signals such as 
the transmitter, so the search algorithm does not confuse it 
for another signal. 45 from the receiver are used to update the pre-distortion 

compensation. The update to the non-linear pre-distortion 
may be performed by comparing a copy of the transmitter 
feed thru signal (which is a copy of the transmitter signal 
after the high power amplifier (HPA) non-linearity) to a 

All three of the filtered signals sets are passed from FIR 
filter and down sample cell ( decimating filters associated 
with the sigma delta AID) 325 to intermodulation cancella
tion cell 340. In intermodulation cancellation cell 340, a 
transmitter feed thru intermodulation products generation 
module 341 uses the filtered transmitter feed thru and 
associated interference source signal half way between the 
transmitter and the receiver signal to compute the inter
modulation interference produced by the transmitter feed 
thru and other mixing signal(s). A Source Signal Intermod 55 

(SIM) generation (SIM GEN) module 342 uses the filtered 
source signals from decimating filters 328 to compute the 
estimate of the intermodulation interfering signals. A can
cellation summing cell 343 inverts and combines both of 
these signals with the filtered signal-of-interest to produce a 60 

signal-of-interest with the intermodulation interference can
celed. The resulting signal-of-interest is sent to a baseband 
processor interface 345. In one embodiment, cancellation 
s=ing cell 340 includes a control loop that adjusts the 
phase and amplitude of the canceling signals to reduce, and 65 

potentially minimize, interference, as described in more 
detail below. 

50 non-pre-distorted copy, or the original signal. If the non
linear pre-distortion in the transmitter has been done per
fectly, the difference in these two signals is zero. Any 
variation indicates a need to update the non-linear pre
distortion corrections for the AM/ AM and the AM/PM. In 
one embodiment, the copy of the transmitted signal is 
received from the receiver, and in another embodiment, the 
transmitter has a signal path used to down convert and 
demodulate a copy of the signal after it has gone thru the 
HPA. In either way, the non-distorted transmit signal is 
compared to the transmitted signal to update the pre-distor
tion function. This provides a continual update to the pre-
distortion function over time and temperature which can be 
critical in devices without temperature compensation such 
as, for example, mobile devices. The combined signal is sent 
to up-sampling and delta modulator module 355 for up
sampling and delta modulation. Thereafter, the signal is up 
converted and amplified by transmit RF conversion and high 
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power amplifier (HPA) 360. The amplified signal from HPA 
360 is sent to duplexer 301 to be transmitted from antenna 
303. 

The baseband processor may be implemented as one or 
more integrated circuit (IC) chips. The receiver supports a 
very large number of different vendors' baseband chips. The 
only changes that might be useful would be minor changes 
for each unique control and status interface for different 
vendors. In alternative embodiments some or all portions of 
the transmitter and receiver may be incorporated on the 
same integrated circuit as the baseband processor. 

FIG. 4 illustrates a block diagram of another alternate 
embodiment of a wireless communication receiver and 
transmitter. As above, the transmitter and receiver may be 
implemented as multiple ICs or as a single IC. Referring to 
FIG. 4, receiver 400 comprises an RF front end includes 
similar components as above including LNA 404, a RF SAW 
filter 406, local oscillator 400 and down-conversion mixer 
402. In one embodiment, the receiver chip may or may not 
include the down conversion local oscillator 400 and mixer 
402. In another embodiment, the LNA may be on or off chip. 

Antenna 403 is coupled to a duplexer 401. Receiver 400 
receives its input from an output of duplexer 401 and outputs 
6 bit in-phase (I) and quadrature (Q) data streams to base
band processor 160. In other embodiments, the number of 
bits output to the baseband processor may be increased or 
decreased as required. In one embodiment, SAW filter 406 
has a bandwidth of 140 MHz connected to LNA 404. In 
alternative embodiments, the function performed by the 
SAW filter may be more narrow or wider depending on the 
signal space of interest and the sources of interfering signals. 
The 140 MHz SAW filter 406 passes the signal of interest, 

14 
embodiments) to capture the signal-of-interest and the 
potential source signals for intermodulation generation. 

FIG. 5 illustrates a block diagram of an alternate embodi
ment of the receiver having an image reject filter to limit the 

5 sources of interference affecting the signal of interest. 
Receiver 500 contains an image reject filter 504 to perform 
image rejection on the signal of interest before applying 
Sigma Delta AID converter 506. Image reject filter 504 will 
filter out all undesirable mixing products from the down 

10 conversion mixing process. The passband of the front of the 
system including SAW filter 508 and the band pass of image 
reject filter 504 is matched to the range of bandwidths that 
may contain the signal of interest and interference source 
signals. In one embodiment, image reject filter 504 is an 

15 off-chip filter. In another embodiment, image reject filter 504 
is an on-chip filter. Image reject filter 504 may be either part 
of the sampling, filtering and processing (SFP) unit 408 or 
a down conversion unit. In an embodiment, due to the fast 
sampling rate of the sampling process, image reject filter 504 

20 has only a few poles with a pass band of 140 MHz to avoid 
aliasing with a nominal 350 mega sample per second sam
pler. In one embodiment, image reject filter 504 is a rea
sonably benign filter and, in combination with the out of 
band rejection features of the subsequent decimating filter, 

25 provides adequate filtering, thus eliminating the need for an 
intermediate frequency SAW filter (which is not shown in 
this figure). 

Referring back to FIG. 4, after the sampling has been 
accomplished, the sampled 140 MHz wide signal is sent to 

30 the bank of digital band pass filters, namely BPFs 410, 412, 
414, which are decimating filters. The analog signal is 
tapped off prior to the sampling function and sent to an 
analog filter 422 which supports the flash AID and the search 
function discussed herein. This bank of band pass filters i.e. the desired signal, as well as all of the signals that 

produce intermodulation products. In one embodiment, 
duplexer 401 provides reasonable attenuation beyond the 
receive band of 1930 to 1990 MHz. The RF front end 
accommodates the entire bandwidth of the receive band 
because any designated frequency between 1930 and 1990 
MHz may be assigned on a quasi-random basis. The out
of-band signals such as the transmit bands from 1850 to 
1910 MHz are attenuated by approximately 50 dB. In 
alternative embodiments, the RF frequency band may be 
different, such as for telephony bands in other parts of the 
world, Cellular bands in the U.S. (800 MHz), wireless LAN 

45 
in the ISM band and 5 GHz band. Satellite applications will 
have other RF bands for which this invention will be 
applicable. Fixed wireless could be any frequency from 1 to 

35 includes a BPF for the signal-of-interest (BPF 410), a BPF 
for the transmitter feed through and associated signals (BPF 
412), and a BPF for source jammer signals (BPF 414). These 
are the sigma delta related decimating filters. Source jammer 
signals produce in band inter-modulation products. In one 

40 embodiment, all of these signals are down sampled and 
processed at 6 bits and 20 mega samples per second. The 
exact sampling rate may vary in different embodiments of 
the invention depending on the requirements of resolution 
and bandwidth. 

In one embodiment, BPF 410 is a programmable digital 
filter used to band pass the signal-of-interest and subse
quently down sample to yield a high signal noise, narrow 
band, high bit resolution digital signal. In alternative 
embodiments, BPF filter 410 for the SOI is fixed and the LO 60 GHz and wired applications, such as, for example, cable 

modems, DSL and others, can have a wide range of fre
quencies. The present is applicable to wired as well as 
wireless applications. 

In one embodiment, the transmitter signal can be as high 
as +30 dBm with the receiver as low as -119 dBm. Duplexer 
401 attenuates the transmit signal by approximately 50 dB, 
leaving the transmitter feed through at -20 dBm. Duplexer 
401 feed thru of the transmitter signal could be one of the 
largest jammer source signals in the receive path and result 
in intermodulation products by mixing with other extrane
ous signals and generating intermodulation products in LNA 
404, down converting mixer 402 and associated amplifiers 
in the receive chain. A jammer source signal is a signal 
present in receiver 400 that has the potential to produce 
mixing intermodulation products, which can interfere with 
the signal-of-interest. 

After the down conversion to IF, receiver 400 passes the 
140 MHz (which may be a different bandwidth in other 

50 is adjustable to place the signal of interest in the same place 
when the down conversion is performed. In one embodi
ment, this filter is a FIR filter with 90 to 128 taps. In another 
embodiment, the filter is a complex set of filters with 
intermediate down-sampling. In one embodiment, the FIR 

55 filter has programmable tap weights and the tap weights are 
selected for jammer rejection to reject jammer signals close 
to the signal-of-interest. In one embodiment, the jammer 
signals are as close as 900 kHz and 1700 kHz off center band 
of a 1.23 MHz wide signal. In alternative embodiments, the 

60 jammer source signals can be any where in the receive band. 
In one embodiment, the jammer signals are as high as -30 
dBm with the signal-of-interest at -116 dBm. The output of 
BPF 410 is sent to cancellation unit 428 (e.g., signal adder, 
sUlllillation unit, etc.) where the interference intermodula-

65 tion product signals are cancelled. 
In one embodiment, the intermodulation compensator 403 

may operate as follows. BPF 412 band pass filters the 
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transmit signal and any signal that falls "half way" between 
the transmitter and the receive signal. These half way 
signals, when mixed with the transmit feed through signal, 
can drop an intermodulation product in band of the signal
of-interest. Since the location of these signals is known, no 5 

search algorithm is required. In one embodiment, BPF 412 
is a programmable FIR filters programmed to filter the 
transmitter signal and the other mixing signals. In alternative 
embodiments, BPF 412 may be a fixed set of filters. The 
output signals from BPF 412 are sent to a processing block 10 

416 that generates an estimate of the intermodulation prod
uct(s). In one embodiment, these signals are 6 bits and 20 
mega samples per second. The output of BPF 412 and the 
output of 410 are at the same quantization (number of bits) 
and clock rate. The source signals, and thus the estimate of 15 

the intermodulation products, are generated from the same 
bit stream as the SOI and this makes keeping the signals 
coherent much easier, which, in tum, makes generating 
accurate and timely interference cancellation signals pos
sible. It is also easier to cancel the interference signals if all 20 

the signals have seen similar transfer functions. 
Analog bandpass filter 422 is an anti-aliasing filter prior 

to the flash AID converter 424. In one embodiment, flash 
AID converter 424 is a low to medium resolution AID 
converter (around 4 bits) that samples the entire band in 25 

which source signals can exist and which have the potential 
to produce intermodulation products inband of the SOL A 
search unit 418 detects the presence of the energy of source 
jamming signals that have the potential to generate in-band 
intermodulation products. When signals of sufficient energy 30 

are detected with the correct relationship to generate in band 
intermodulation products, the frequencies are passed to BPF 
414, which filters the signals of interest and passes them to 
processing unit 420 where an estimate of the intermodula
tion product(s) is generated. These signals are 6 bits and 20 35 

mega samples per second. 
In one embodiment, filters 412 and 414 are only a few 

poles and fairly benign in that the out of band roll off 
characteristics can provide shallow shirts. Steep filters are 
not desired here, as the source signals passed are used to 40 

generate the estimate of the intermodulation products in the 
time domain. Further, the actual signal should be filtered as 
little as possible, such that the time domain representation of 
the signal is as accurate as possible without passing 
unwanted signals and noise. The side lobes are desired for 45 

signal accuracy in the time domain. A copy of the transmitter 
feed thru signal is also sent to parameters 444 on the 
transmitter portion to update a non-linear pre-distortion 
algorithm. 

The interference compensation functions associated with 50 

filter 414, filter 420, intermodulation product signal genera-
tor (phase and amplitude adjuster) 432, cancellation unit 
428, 434, filter 422, flash AID converter 424 and janrming 
signal search unit 418 can be readily expanded to filter and 
process, for cancellation of intermodulation products, as 55 

many signals as desired. In one embodiment, this application 
is restricted to the IS-95 number of jammers to save power. 

16 
ments of the specific application, wired or wireless. After the 
filtering, the signal is sampled with flash AID converter 424 
at 200 to 350 MS/s at 4 bit resolution. The sample rate is 
determined by the bandwidth of the anti-aliasing filter and 
the number of bits may vary in various embodiments. Search 
unit 418 uses the digital samples to find the location of 
signals with energy beyond a selected threshold which could 
generate SOI inband intermodulation products. The thresh
old may be determined by the particular application. For 
each application, there are levels below which the source 
signals do not generate intermodulation products large 
enough to be of a concern. When source signals are present, 
which can produce intermodulation products, inband of the 
SOI, the strongest interferers are processed. Search unit 418 
passes the frequencies to BPF 414 for filtering the high 
fidelity 6 bit copies of the source signals at 20 MS/s. Actual 
rates and quantization levels are dependent on the particular 
application and embodiment. 

In one embodiment, if there is the potential for more than 
one intermodulation product to fall inband of the SOI and in 
this case, the processes may select the largest. Search unit 
418 is designed to find the signal energies and pass the 
frequencies to BPF 414 within 10 msec or less. In some 
embodiments, the timing requirements may be different and 
is an implementation issue that may be resolved by parallel 
processing if required. CDMA specification allows for a 
frame error rate of0.01 frames when the jammer signals are 
present. Each frame is 20 msec. This frame hit is only taken 
once. In one embodiment, search unit 418 searches for as 
many jammer signals as desired. In theory, any number of 
jammers can be managed depending on the complexity of 
the implementation. 

In one embodiment, when the transmitter and the "half 
way" signal are received by the transmitter feed-through 
intermodulation products generator 416, the samples are 
multiplied in the time domain to generate the estimate of the 
intermodulation product. When a source signal is no longer 
present, the estimate of the intermodulation goes to zero 
because one of the signals is either multiplied by zero or a 
very small signal. The estimate of the intermodulation 
product is sent to the intermodulation cancellation signal 
generator 426 where the signal is adjusted for phase and 
amplitude by phase/amplitude adjuster functionality therein 
and inverted by inverter functionality to cancel the inter
mod in the band of the SOI. 

The amplitude of the intermodulation product is estimated 
by the knowledge of the estimated IIP3 and sometimes the 
IIP2. The estimates of the IIP2 and IIP3 are updated as the 
corrections are made to the phase and amplitude of the 
estimated intermodulation product to reduce, and potentially 
minimize, the interference. The estimate of the intermodu
lation product is sent to cancellation unit 428 for cancella
tion of the intermodulation product(s) as well as to the 
correlation and correction unit 430 where the corrections to 
the phase and amplitude of the estimate are computed via an 
adaptive algorithm, such as a zero forcing algorithm. In one 
embodiment, the algorithm is a dither algorithm which uses 
two correlators, one is used to correct the phase and one is 
used to correct the amplitude. Other algorithms can be used 
and may be based on least squares of estimates and errors 
and like algorithms. 

Bandpass filter 422 and flash AID converter 424 provide 
the digital samples required by the jamming signal search 
unit 418. At the output of the IF amplifier, the analog signal 60 

is sent to the anti-aliasing band pass filter 422 and flash AID 
converter 424. In one embodiment, the analog signal is a 140 
MHz signal that is filtered with a bandpass filter 422 with a 
band pass of 60 or 120 MHz corresponding to the receive 
band of the Code Division Multiple Access (CDMA) sig
nals. In alternative embodiments, the band pass of anti
aliasing band pass filter 422 is determined by the require-

The transmitter feed thru can appear as an amplitude 
65 modulation on a high power close in jammer as is possible 

in an embodiment of the invention for CDMA IS-95/98 and 
CDMA 2000. In this case, the transmitter feed thru filtered 
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in filter 412 and a second signal from the close in jammer 
may be used to generate a canceling signal for this interfer
ence. 

18 
correction unit 434 where the corrections to the phase and 
amplitude of the estimate are computed via an algorithm, 
such as a zero forcing algorithm or dither algorithm or other 
as described above. The generation of jammer signal inter-

5 modulation products and cancellation signals is expanded to 
compute as many signals as desired. In an embodiment, 
restricting this application to the IS-95 number of jammer 
signals saves power. Prior to the cancellation process, the 
estimates of the intermodulation products are filtered to only 

10 pass those which fall inband of the signal of interest. 

In one embodiment, with respect to the correlation and 
correction function 430 and 434, a copy of the estimate of 
the intermodulation product is received from intermodula
tion cancellation signal generator 426 or from intermodula
tion cancellation signal generator 432. This function also 
receives a copy of the SOI after cancellation of the inter
modulation products in cancellation unit 428. The signal 
received from intermodulation cancellation signal generator 
426 or intermodulation cancellation signal generator 432 
(depending on which intermodulation product is being talk
ing about), is fed to two internal correlators. In the first 
correlator, the signal from intermodulation cancellation unit 15 

426 for intermodulation cancellation signal generator 432 is 
phase shifted by 90 degrees and the cross correlation 
between this signal and the output of cancellation unit 428 
is computed. The second correlator correlates the signal 
from intermodulation cancellation signal generator 426 or 20 

intermodulation cancellation signal generator 432 with the 
output of cancellation unit 428. By using a dither algorithm 
to reduce, and potentially minimize these correlations and 
alternately adjusting the phase and amplitude of the estimate 
of the intermodulation product, the interference is reduced 25 

(and potentially minimized). This technique provides for 
control on the adjustment of the phase and amplitude of the 
intermodulation product estimate to reduce (and potentially 
minimize) the interference. 

In intermodulation cancellation signal generator 426 and 30 

intermodulation cancellation signal generator 432, the phase 
and amplitude of the estimate of the intermodulation product 
is adjusted with sufficient granularity so as to closely match 
the phase and amplitude of the intermodulation product 
generated in the non-linearities. When the number of 35 

samples is low relative to the carrier frequency, a simple 
delay of digital samples does not provide sufficient resolu
tion of the phase adjustment. As an example, when the 
sample rate is 20 mega samples per second, and the IF is 
around 5 MHz (as can happen with the down sampling), 40 

each sample is only about 90 degrees. FIG. 11 shows how, 
in one embodiment, the phase is adjusted by any desired 
increment, even when the sample rate is low. In this embodi
ment, the original samples A, B, and C, are converted to 
samples a, b, c by weighted interpolation. The new samples 45 

a, b, and c are mapped into the time slots of A, B, C. In one 
embodiment, the phase shifting function is performed using 
a FIR filter with only a few taps. By properly selecting the 
weighting of values A, B, and C in the interpolation process, 
any arbitrary phase shift can be achieved. The amplitude 50 

may be adjusting by simple scaling. 
When the intermodulation products generator 420 

receives the jammer (source) signals, the samples are mul
tiplied in the time domain to generate an estimate of the 
intermodulation product. When a source signal is no longer 55 

present, the estimate of the intermodulation goes to zero 
because either one of the signals is multiplied by zero or a 
very small signal. The intermodulation estimate is sent to the 
intermodulation cancellation unit 432. 

In one embodiment, the estimates of the intermodulation 
products from the janmier signals and the transmitter feed 
through related intermodulation products are inverted and 
added at 6 bits and 20 mega samples per second to the 
signal-of-interest. The output of cancellation unit 428 is sent 
to the de-interleaver 436 and the correlation units 430 and 
434. With the output of the cancellation unit and the copy of 
the estimate of the intermodulation products, correlation 
units compute the cross correlation between the estimate of 
the intermodulation products and the signal-of-interest after 
the cancellation process. In one embodiment, the correlation 
unit sends control signals, such as phase and amplitude 
corrections based on a zero forcing algorithm ( or some 
similar function to reduce or minimize the interference) to 
the phase and amplitude adjustment and signal inversion 
units 426 and 432. In one embodiment, this is done for the 
minimal set of signals (2 signals) as specified by IS95 but 
can be expanded to any number of signals based on the 
application. 

The estimate of the intermodulation products is inverted 
and added using adder 428 to the signal-of-interest to cancel 
the intermodulation products. The parameters of the inter
modulation generation process change as a function of time 
and temperature. This architecture maintains continuous 
estimates of the IIP3 and the IIP2 and continuously updates 
the estimates by the phase and amplitude corrections sent 
from the correlation process. The corrections are determined 
by the zero forcing ( or functionally equivalent such as, for 
example, a dither) units 430 and 434, which forces the cross 
correlation between the signal-of-interest and the estimate of 
the intermodulation products to be substantially kept at a 
mm1mum. 

In one embodiment, the 20 Mega samples per second at 
6 bits per sample output of the cancellation units are input 
to the de-interleaver 436 where the samples are low pass 
filtered to baseband signals and the bit stream is word 
de-interleaved to produce the in-phase and quadrature words 
at 6 bits and 10 Mega samples per second. (Note that the 
clock frequencies may vary in different embodiments for 
different target signals.) The word de-interleaving process 
produces a complex baseband signal with perfect quadra
ture. In one embodiment of this invention, the 20 mega 
samples per second are taken after the interference cancel
lation unit 428 and consecutive sets of four samples are 
taken. The first and second are the I and Q samples and the 
3rd and 4th are dropped in that they are just copies of the 1st 
and rd only 180 degrees shif in time. The samples 1st and 
3rd can be averaged to improve SNR by 3 db. The same is 

The amplitude of the intermodulation product is estimated 
by the knowledge of the estimated IIP3 and sometimes the 
IIP2. These estimate IIP2 and IIP3 are updated as the 
corrections are made to the phase and amplitude of the 
estimated intermodulation to reduce, and potentially mini
mize, the interference. The estimate of the intermodulation 
is sent to the canceling unit 428 for cancellation of the 
intermodulation product(s) as well as to the correlation and 

60 true for the rd and 4th samples. The samples are now at 
approximately 5 mega samples per second and it is desired 
to have them at 10 mega samples per second. The samples 
are interpolated and up sampled at Ms/s the desired sample 
rate. In another embodiment of the invention, the sample 

65 rate out of the decimating filter is 40 mega samples per 
second and the rate of 10 mega samples per second is 
achieved with the 4 sample de-interleaving described above. 
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These clock rates may vary in different embodiments as 
function of the signals being processed. 

20 
As part of the receiver intermodulation cancellation unit 

412, a copy of the transmit signal is demodulated. A 6 bit 20 
Mega sample per second copy of the transmit signal is 
available from receiver 400. A snap shot sample of the 

The phase de-rotation is performed in baseband processor 
160. Since the phase de-rotation is done in baseband pro
cessor 160, phasing of the word de-interleaver 436 is not 
critical because the information is fully contained in the 
baseband complex signal. That is, what is not in the in-phase 
signal is in the quadrature signal, and what is not in the 
quadrature is in the in-phase signal. If a coherent de-rotated 
signal is required, the coherent detection may be performed 
using standard phase lock techniques. 

5 non-pre-distorted I and Q samples are available from snap 
shot sampler 440. The snap shot I and Q samples are word 
interleaved to produce a composite signal. In the amplitude 
modulation/amplitude modulation and amplitude modula
tion/pulse modulation correction calibration process 444, the 

The architecture also includes a transmit path that pro
vides for a non-linear processing of the transmitter signals. 

10 interleaved snap shot samples are correlated with the 
receiver 400 provided copy of the transmit signal and these 
two signals are word (bit wise) shifted to achieve an opti
mum correlation. Any difference in the amplitude of the 
time-aligned samples indicates the need to update the pre-

In one embodiment, the transmit path receives the 10 bit 
in-phase signal and quadrature samples at 10 Mega Samples 
per second. The signals are sent to non-linear pre-distortion 
(NLPD) unit 438 and snap shot sampler 440. The I and Q 
samples are input to pre-distortion unit 438, which performs 
pre-distortion with the opposite amplitude modulation/am
plitude modulation (AM/AM) and amplitude modulation/ 
pulse modulation (AM/PM) distortions induced by the non
linear elements in the transmit chain. Snap shot sampler 440 
captures samples of the I and Q signals prior to pre
distortion. These represent an ideal signal at the output of the 
high power amplifier (HPA) 442. These signals are com
pared to the transmitted signal and the result is used to 
update parameters 444 which stores the amplitude modula
tion/amplitude modulation and amplitude modulation/pulse 
modulation pre-distortion parameters. In one embodiment, 

30 
the transmitter feed thru signal from the function 412 is used 

15 distortion parameters. The amplitude modulation/amplitude 
modulation and amplitude modulation/pulse modulation 
correction parameters may be continuously updated. This 
update process 444 need not be a real time process, but faster 
than the anticipated changes in the non-linear components, 

20 which are a function of time and temperature. 

After the digital baseband signals have been pre-distorted 
438 to compensate for the transmitter non-linearities an 
up-sampling and delta modulation process is performed by 
unit 446 where up sampling values are determined by linear 

25 interpolation between the 20 mega sample per second 
samples. This process produces a 1 bit per sample bit stream 
at a sample rate of approximately 100 to 200 MHz. 

as the post non-linearity sample which is compared to the 
non-pre-distorted sample of the transmit signal. In another 
embodiment, the transmitter has its own down conversion 
and sampling function to get the post non-linearity signal 

35 
sample for comparison. 

The I and Q signals are orthogonal and the vector sum of 
the two represents the power of the composite signal. The 
amplitude modulation/amplitude modulation and amplitude 
modulation/pulse modulation distortions can be inverted and 40 
the pre-distorted I and Q signals are corrected by non-linear 
pre-distortion unit 438 by non-linear distortions of the 
transmit chain to produce a pristine non-distorted signal at 
the output of the HPA 442. The initial values of the ampli
tude modulation/amplitude modulation and amplitude 45 
modulation/pulse modulation distortions can be pre-deter
mined at manufacture or can be determined by the built in 
process described herein. Receiver 400 processes a copy of 
the transmit signal as part of the intermodulation compen
sation scheme 416 and this signal is available for calibration 50 
of the amplitude modulation/amplitude modulation and 
amplitude modulation/pulse modulation parameters. All val
ues of the amplitude modulation/amplitude modulation and 
amplitude modulation/pulse modulation parameters for all 
transmit power levels do not need to be stored. A simple 3 55 
or 5th order fit to the amplitude modulation/amplitude modu
lation and amplitude modulation/pulse modulation curves 
will provide the required fidelity. The amplitude modulation/ 
amplitude modulation and amplitude modulation/pulse 
modulation corrections can be made via a look up table 60 
implementation or some other mechanism. 

In one embodiment, after the I and Q samples have been 
pre-distorted to compensate for the non-linearities in the 
transmit chain, the I and Q samples are processed and 
interleaved by unit 438 to produce the composite digital 65 

transmit signal at 10 bits per sample at 20 Mega samples per 
second. 

Thereafter, this bit stream is filtered by an image reject 
digital filter 448 then put through a one bit AID converter 
(ADC) 450. In one embodiment, when the 1 bit AID 
converter 450 processes the 100 to 200 MHz bit stream, 
images of the analog signal will be produced at every 
harmonic of the sampling rate. An image rejected analog 
filter 452 is place at the desired IF and the image reject filter 
452 rejects these images. Since the sampling rate is rather 
high, the images will be spaced by multiples of the sampling 
rate. This should allow for an on chip image reject filter of 
only a few poles. 

The signals are then up converted to RF using a local 
oscillator 454, mixer 456 and an image reject filter 458. 
Assuming an IF on the order of 200 to 600 MHz (TBR), 
mixer 456 and potentially the local oscillator 454 and image 
reject filter 458 can be on chip components. 

HPA 442 is a large source of non-linear distortion in the 
transmit chain. Since this is not a classical direct conversion 
architecture, the residual carrier problem is not a critical 
concern since there is no carrier signal at the radio-fre
quency transmit frequency or any harmonic of it. 

With the non-linear pre-distortion, HPA 442 can be oper
ated much closer to saturation without clipping the signal 
and causing the re-growth of side lobes. In one embodiment, 
a root raised cosine (RRC) type filter in the baseband 
processor controls the transmit spectrum, allowing the over
shoot between symbols can be on the order of 3 to 4 dB 
depending on the alpha selected. Alpha determines the 
excess bandwidth over that of a perfect Nyquist brick wall 
filter. In an embodiment, the raised cosine filters introduce 
controlled Intersymbol Interference (ISI) which controls the 
spectrum, but also makes the signal non-constant envelop 
even if it stared out as a constant envelop signal such as 
QPSK or SPSK. The intersymbol interference of a raised 
cosine filter is zero at the center of each adjacent symbol 
period, but can cause signal over shoots of 3 to 4 dB 
depending on the alpha selected. The smaller the alpha, the 
more narrow the bandwidth and the greater the over shoot. 
This over shoot determines how close to saturation the 
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amplifier may be operated without causing clipping of the 
signal and re-growth of side lobes in the transmit spectrum. 

In an alternate embodiment of the receiver, the passband 
of the front of the system is much wider than the desired 
signal and the potential source signals come from a much 5 

wider passband. The second digital filter, which rejects the 
desired signal and passes the source signal, must cover up to 
60 to 120 or more MHz. To avoid aliasing images in band, 
the sampling rate of the AID converter should be at least 2.5 
times the Nyquist rate. In one embodiment, the Sigma Delta 10 

1 bit sampling rate is 300 to 350 MHz, with the same 
sampling rate being used for the desired signal bandwidth. 
The front end SAW filter as radio-frequency is 140 MHz 
wide to allow passage of all of the potential intermodulation 
source signals to include feed of the transmitter through the 15 

diplexer. The LNA receives this feed through. While the 
transmitter feed thru is not within the receiver passband, it 
can mix with other signals half way between the receiver and 
transmit bands and produce intermodulation products in the 
receive passband. For this reason, this signal is passed into 20 

the sampler to be included in the interference set of source 
signals. 

In one embodiment, at the intermediate frequency, the 
passband only needs to be 80 MHz since the transmit and 
receive bands are paired and are 80 MHz apart. The inter- 25 

mediate frequency conversion local oscillator (local oscil
lator) is adjusted to center the down-converted signal on the 
selected intermediate frequency. The passband filter can be 
80 MHz. The selected Sigma Delta 1 bit AID sampling rate 
has been selected to capture the entire 80 MHz without 30 

producing aliasing of images. The image reject filter may be 
able to be an on chip filter with only a few poles due to the 
wideband of the sampling. 

Two copies of the 1 bit AID Sigma Delta bit steam are 
created and one is filtered with a passband for the signal of 35 

interest. In one embodiment, the filter skirts are made very 
steep and the close-in interfering signals are filtered out at 
this point, reducing the dynamic range that must be carried 
through the system and reduces the required resolution in the 
desired pass band from 14 bits to approximately 6 or 7. With 40 

this embodiment, the in-phase & quadrature channel 
orthogonality is guaranteed because the 20 mega samples 
are 6 or 7-bit word deinterleaved to get the in-phase and 
quadrature samples. This is done after the intermodulation 
products cancellation, which is done on the in-phase-quadra- 45 

ture composite signal instead of being done on in-phase and 
quadrature separately. 

In one embodiment, the second copy of the Sigma Delta 
1 bit AID bit steam is input to a band reject digital filter at 
the passband of interest. The down-sampling is done such 50 

that the retained passband is 80 to 90 MHz with 3 to 6 bits 
of resolution per sample. This is adequate because only the 
very large signals are of interest and cancellation with a 
resolution of 3 to 6 bits is an enormous benefit. 

As in the general case, the high level out-of-band signals 55 

are used to compute estimates of the in-band intermodula
tion products and are then used to cancel the interference. 

This compensation architecture is applicable to many 
other communications systems and this example is not 
intended to preclude other applications such as Edge, 60 

802.11, Bluetooth, satellite systems and others in this patent. 
In the CDMA telephony applications, the baseband proces
sor sends 8 or 10 bit words at approximately 10 mega 
samples per second to the transmitter module. In this archi
tecture, the transmitter has determined the amplitude modu- 65 

lation/amplitude modulation and amplitude modulation/ 
pulse modulation distortion characteristics of the High 

22 
Power Amplifier (HPA). The nonlinear pre-distortion pre
distorts the in-phase and quadrature vectors such that when 
the amplifier induces amplitude modulation/amplitude 
modulation and amplitude modulation/pulse modulation dis
tortions, the result is a corrected signal at the output of the 
amplifiers. The pre-distortion module adjusts the amount of 
amplitude modulation/amplitude modulation and amplitude 
modulation/pulse modulation pre-distortion based on the 
drive level of the amplifier. 

After the pre-distortion is completed, the words are up
sampled by a factor of 10 to a 100:1 by interpolation 
between the original values. The samples are delta modu
lated and band passed and then input to a 1 bit DIA 
converter. The analog signal is now up converted to the 
transmit frequency. This provides a system with little or no 
residual carrier at radio-frequency. 

FIG. 6 illustrates a flow diagram of one an embodiment of 
processing performed by a receiver to reduce harmonic 
interference and intermodulation interference from a signal 
of interest prior to the final digital down conversion of that 
signal. This flow diagram is applicable to the source signal 
intermodulation products as well as the transmitter feed thru 
related intermodulation products. 

Referring to FIG. 6, in processing block 600, a Sigma 
Delta AID converter 602 outputs two copies of a source 
signal as digital samples at a sampling rate greater than the 
sampling rate of the final digital down conversion. 

In processing block 605, each copy of the signal is sent to 
a separate FIR filter in an intermodulation compensator. 
Note in alternative embodiments, there may be any number 
of copies of the signal processed to manage multiple inter
modulation products. Each FIR filter filters its output signal 
at the Sigma Delta AID converter sampling rate to reduce the 
interference from aliasing tails. 

In processing block 610, one FIR filter operates as a band 
pass filter to pass the signal of interest at an intermediate 
frequency and produces the signal-of-interest with in-band 
interference (processing block 615). 

In processing block 620, another FIR filter operates as a 
band reject filter for the signal of interest and produces out 
of band signals that are the source of the in-band interference 
intermodulation products. 

In processing block 630, an intermodulation compensator 
computes the expected in-band interference signals based on 
the IIP2, IIP3 and other non-linear attributes of the system. 

In another embodiment, with respect to processing block 
620, two filters are used to band pass the source signals and 
these are then used in processing block 630 to compute the 
intermodulation products estimate. 

In processing block 635, the intermodulation compensator 
applies a band pass filter to the signal estimates of the 
in-band interference to produce an estimate of the in-band 
interfering signals (by passing an interfering signal having 
the same frequency band pass as the desired signal). 

In processing block 640, the intermodulation compensator 
inverts the estimate of the interfering signal set (processing 
block 640) and adds the inverted interfering signal set to the 
original desired signal to cancel the interfering signals 
(processing block 645). 

Also, in processing block 650, the intermodulation com
pensator cross correlates the inverted estimate of the inter
fering signal added to the desired signal with a zero forcing 
( or other adaptive) algorithm until the cross correlation is 
reduced, and potentially reaches a minimum. Also in pro
cessing block 650 determines the phase and amplitude 
offsets and passes them to processing block 655. 
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In processing block 655, the intermodulation compensator 
adjusts the phase and/or amplitude of the estimated inter
ference signals with a zero forcing ( or other adaptive) 
algorithm and generates a signal to control generation of the 
invert cancellation signal. The control loop may run con- 5 

tinuously to adaptively cancel the in-band interfering sig
nals. 

yield 10 to 13 bits. In one embodiment 6 bits are used to 
keep computational complexity down. If more bits are 
required, this can be achieved in the decimating filters. 

In FIG. 7, filter block 701, the decimating programmable 
filter that in the receiver of FIG. 5 previously used for the 
source interfering signals is used for TDMA or AMPS 
signals. The frequency of the AMPS and or TDMA can be 
any where in the receive band of the telephony channels. The 
frequency is known by the control and status function and is 

This system may be applicable to any communications 
system including those with close in-interfering signals and 
in-band intermodulation products. The technique described 
above may be implemented as a set of instructions to be 
executed and stored in the memory of a computer system 
(e.g., set top box, video recorders, etc.). 

Alternatively, the logic to perform the methods as dis
cussed above, could be implemented by additional computer 
and/or machine readable media, such as discrete hardware 
components as large-scale integrated circuits (LSI's), appli
cation-specific integrated circuits (ASIC' s ), firmware such 
as electrically erasable programmable read-only memory 
(EEPROM's); and electrical, optical, acoustical and other 
forms of propagated signals (e.g., carrier waves, infrared 
signals, digital signals, etc.); etc. 

Although the present invention has been described with 
reference to specific exemplary embodiments, it will be 
evident that various modifications and changes may be made 
to these embodiments without departing from the broader 
spirit and scope of the invention. Accordingly, the specifi
cation and drawings are to be regarded in an illustrative 
rather than a restrictive sense. 

FIG. 7 is a block diagram of another embodiment of the 
receiver which is a variation on the embodiment shown in 
FIG. 5. Referring to FIG. 7, the architecture is capable of 
processing several different modes or standards in the North 
American telephony bands to include future growth to the 
3G standard. This is done while maintaining backward 
compatibility between 3G and the other standards. This 
embodiment makes a single chip viable for all of the 
following in the two North American Telephony Bands: 
CDMA IS-95/98, CMDA 2000, 3G, TDMA, AMPS, GSM, 
GPRS, EDGE and others. In another embodiment, the 
telephony standards of other countries can be supported by 
changing the RF to IF down conversion components. In an 
alternative embodiment, a flash AID converter may be used 

10 passed to the source signal search block 704 which passes 
the frequency assignment to decimation filter block 701. The 
filters in decimation filter block 701 are nominally 300 kHz 
wide. Filter block 701 outputs the signal to the AMPS/ 
TDMA/GSM down sample and filter block 703 that com-

15 prises digital filters to filter out the narrow AMPS or TDMA 
signals normally 10 or 30 kHz wide. These signal are very 
narrow band and the sigma delta AID converter results in a 
very high SNR and the number of bits output can be 10 to 
14 bits if required. In one embodiment, the OSR provides 

20 adequate SNR for 14 bits, but less may be used to eliminate 
complexity. The previous description of the non-linear trans
mitter are also applicable here as shown in the FIG. 7. 

In one embodiment, with respect to filter block 701, the 
output of the decimating filter can be a GSM signal pro-

25 cessed in the same manner as described for the TDMA and 
AMPS. The GSM is 200 kHz wide and can be frequency 
hopped. This is readily handled by filter block 701 because 
it has two programmable filters (nominally 300 kHz wide) 
for the two source signals used to generate the intermodu-

30 lation product estimate. When the receiver is used in the 
GSM mode, the two source signal decimating filters are used 
to filter the GSM signal. While one filter is being used, the 
other is being set to the next GSM hop frequency and is 
switched in at the appropriate time and then the other is set 

35 for the next frequency. The output of filter block 701 goes to 
filter and downsample block 703 where the final down 
conversion and filtering are performed for the GSM signal. 
Since the GSM waveform is the same for GSM, GPRS, 
EDGE and any other variations on GSM. The previous 

40 description of the non-linear transmitter are also applicable 
here as shown in the FIG. 7. 

The embodiment shown in FIG. 7, a variation on FIG. 5 

in place of the Sigma Delta Modulator and Decimating 
filters if the dynamic range required by CMDA and the high 45 

power jammers is not required. In either case, the entire 
passband of the receiver is sampled and programmable or 
fixed digital filters are used to isolate desired signals, and 
interfering signals in the CDMA, AMPS, TDMA GSM etc 
signal bands. The sigma delta approach affords greater 50 

resolution and dynamic range. 

provides a fully programmable receiver that can demodulate 
known wireless telephony standards. A minor difference 
exists at the RF front end where all bands (Europe, Asia, 
Japan, China, Korea, North America etc.) are down con-
verted to one convenient IF and then they are all processed 
by the architecture described herein. The upper path is just 
an example for the North American cellular band. 

FIG. 8 shows the topology of the multi-standard archi
tecture for the North American Telephony bands. In other 
embodiments, various RF bands can be processed. CMDA, 
AMPS, GSM, TDMA, and 3G/UMTS with forward and 
backward compatibility are provided with this embodiment. 

In FIG. 7, filter block 702 has two filters instead of one, 
one for the 1.25 MHz CDMA 2000 and a 5 MHz filter for 
the 3G. The decimating filters output 6 bits at approximately 
20 Mega Samples per second for CDMA 2000 and 6 bits at 55 

approximately 80 Mega Samples per second for 3G. 3G is 
Note that the analog BNA, mixer and LO may be inte

grated on the same integrated circuit as the receiver. 
a CDMA signal that is 4 times the rate of CDMA 2000 and 
is 4 times the bandwidth. 

The Sigma Delta AID converter has a sufficiently high 
over sampling ratio (OSR) to provide adequate SNR for both 
CDMA 2000 and 3G. The Sigma Delta AID converter has an 
OSR of 140 for and achieves a SNR of about of over 85 dB 
for a 2nd or 3rd order sigma delta loop. This can yield up to 
14 bits if required and this is true for the source signals as 
well. The OSR for 3G Wideband CDMA (WCDMA) is 35 
which will yield a SNR of better than 80 dB for the 3rd order 
loop and better than 60 dB for the rd order loop. This will 

FIG. 9 shows another embodiment of the receiver in 
which wireless LAN 802.llb and Bluetooth are processing 
simultaneously while mitigating the interference of Blue-

60 tooth on 802.llb. This embodiment also supports 802.lla. 
The embodiment shown in FIG. 9 is a reduced version of 

FIG. 7 and FIG. 5 with a few changes to accommodate the 
22 MHz wide 802.llb signals. The x-ed out boxes show 
which boxes in FIG. 7 are not required for this application, 

65 showing the multi-mode capability of architecture. 
Thus, FIG. 9 becomes a functional subset of FIG. 7. The 

ISM band is 85 MHz wide and it contains both the 802.llb 
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and the Bluetooth signals. The operation of the functional 
block here are the same as discussed above. The 802.11 b 
signal of interest (SOI) is processed in filter block 908 as 
discussed above only with a different bandpass filter in the 
decimating filter. The Bluetooth signal is a frequency 5 

hopped signal and is 1 MHz wide and is used directly (i.e. 
intermodulation products are not computed) to cancel out 
the Bluetooth interference in the 802.11 b signal. The Blue
tooth signal is narrowband filtered in the decimating filter 
909 and is sent to phase and amplitude correction unit 910 10 

for interference cancellation support and to Bluetooth down
sample unit 913 for final down conversion and processing by 
the Bluetooth baseband processor. When 802.lla is being 
processed, the cancellation path is dormant and 802.lla is 
processed via filter in filter unit 908. FIG. 9 is a subset of 15 

FIG. 7 with a few minor modifications. This embodiment 
allows for the embodiment shown in FIG. 7 to include the 
WLAN and PAN for a single receiver that can process all of 
the telephony standards as well as the WLAN and PAN 
(802.lla, b and Bluetooth). This is shown in FIG. 10. 20 

26 
manageable reduction yielding an 802.llb SNR that is only 
0.2 dB less than that which would be seen in the absence of 
Bluetooth. 

The output of 909 is sent to phase and amplitude correc
tion unit 910 and downsample unit 913. In downsample 913, 
the Bluetooth signal is down converted and filtered for 
output to and processing in the Bluetooth baseband proces
sor 930. The signal sent to correction unit 910 is corrected 
for phase and amplitude for the given hop frequency such 
that the correlation in 911 is reduce, and potentially mini
mized, as discussed above. This embodiment does not 
require any special interfaces and or coordination with the 
Bluetooth and 802.11 b baseband processors, so this will 
work with any vendor's processor. 

Correlation unit 911 receives a copy of the 802.11 b signal 
after the Bluetooth cancellation has taken place. Correlation 
unit 911 also receives copy of the Bluetooth signal and 
computes the cross correlation of this signal and 90 degree 
shifted version and using a dither algorithm determines 
phase and amplitude adjustment to be made in phase and 
amplitude correction unit 910 such that the residual Blue-
tooth signal in the 802 .11 b is reduced, and potentially 
minimized. The Bluetooth signal used up to 79 frequencies 
in the ISM band and it is reasonable to assume that each 

In FIG. 9, the antenna 901 receives the RF signal for the 
band of interest. While not shown in the diagram, one or 
more antennas may be present for the two bands at 2.4 GHz 
(ISM band for 802.11 band Bluetooth) and the 5 GHz for the 
802.lla. In one embodiment, duplexer 902 is not required 
since these standards are not full duplex. It would be 
included for embodiments where in the systems are full 
duplex. The output of antenna 901 or duplexer 902 is sent to 
LNA 903 and SAW filter 904 and then to down converting 
mixer 916. The output of down converting mixer 916 is then 
filtered by image reject filter 905 to reject unwanted mixing 
products from the down conversion process. Down conver
sion unit 906 performs the equivalent functions as LNA, 
SAW filter 904, the VGA, 903 thru down converting mixer 
916 only for the 5 GHz band. The output of down converter 
906 is at the same IF as that for the other band and it is 
filtered by image reject filter 905 to eliminate unwanted 
mixing products. 

25 frequency might require a different phase and amplitude 
adjustment to optimize the cancellation of the Bluetooth 
signal in the 802.11 b signal. To accommodate this, phase 
and amplitude 910 maintains a continuously updated table of 
the phase and amplitude adjustments required to reduce the 

30 residual Bluetooth signal. These table values are constantly 
updated by inputs from correlation unit 911. 

35 

In one embodiment, a SAW IF filter is used to increase the 
dynamic range of the receiver is the presence of high power 
blocking signals. 

One embodiment of a receiver, with an IF filter to improve 
dynamic range, is shown in FIG. 13. This receiver is 3G 
compatible. When the janmier signals are high amplitude 
relative to the signal of interest, the amplitude of the jammer 
(blocking signals) is reduced prior to the sigma delta con
verter if the sampling is to be done at an IF frequency. The 
maximum dynamic range could be limited to around 50 to 
55 dB. The reason for this is that it is difficult to get a SNR 
greater than 50 or 55 dB at IF. When the signal of interest 
is as low as -116 dm and the blocking tone is at -30 dBm, 
the AID conversion process requires a SNR of around 86 to 
90 dB to be able to filter out the blocking signal and retain 
the signal of interest. When this is the case, an IF filter (in 
one embodiment a SAW filter) can reduce the blocking 
signal by 35 to 40 dB. At this point, the sigma delta can be 
used to sample the filtered signal and get the 50 to 55 dB or 
about 9 bits. 

The output of image reject filter 905 is amplified by an 40 
amplifier 920 and forwarded to Sigma Delta Modulator 907. 
The output of Sigma Delta Modulator 907 is sent to filters 
908 and 909, which are the decimating filters. If higher bit 
resolution is required, the sigma delta sampling can be 
increased to a higher rate. In another embodiment, Sigma 45 
Delta Modulator 907 and decimating filters 908 and 909 
may be replaced by a high speed flash AID converter 
followed by progranmiable or fixed digital filters in filters 
908 and 909 Either way, the entire receive band is digitized 
and high resolution samples of the 802.11 b and the Blue- 50 
tooth signals result (probably 4 to 6 bits). Other embodi
ments may have greater resolution. The Bluetooth signal is 
frequency hopped and the two source signal filters in filter 
909 are alternately used and programmed for the next 
frequency hop. 

Referring to FIG. 13, the source signals are no longer 
available in the digital sample from the sigma delta and is 

55 derived from another source. 
In FIG. 9, the 802.llb and the Bluetooth signals are 

derived from same digital samples and this aids greatly in 
keeping the signals aligned for the cancellation functions. 
The Bluetooth signal is 1 MHz wide and the 802.llb is 22 
MHz wide. If the signal in the 1 MHz passband of the 60 

Bluetooth signal is cancelled out, the 802.llb signal suffers 
a 0.2 dB loss in signal strength. The Bluetooth signal, in 1 
MHz, can have a power level comparable to that of the 
802.11 b in 22 MHz, which means without the Bluetooth 
mitigation the 802.11 b will see around a Oto 5 dB SNR after 65 

dispreading. The Bluetooth cancellation will result in a 0.2 
dB reduction in the SNR of the 802.llb which is a very 

Antenna 1101 receives a signal that is sent to duplexers 
1102 that separates the received signal into two bands, band 
0 and band 1. Each band is sent to a separate LNA, LNA 
1103 or LNA 1104. In one embodiment, LNAs 1103 and 
1104 amplify their respective signals to a range of 1050-
1990 MHz. The amplified signals are then filtered with RF 
SAW filters 1105 and 1106. In one embodiment, RF SAW 
filter 1105 has a passband of 50 MHz, while RF SAW filter 
1106 has a passband of 60 MHz. The filtered signals output 
from RF SAW filters 1105 and 1106 are amplified by VG As 
1107 and 1108, respectively. The amplified signals output 
from VGAs 1107 and 1108 are mixed with a local oscillator 
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using mixers 1109 and 1110 to bring the signals to an IF. In 
one embodiment, the output of mixers 1109 and 1110 are at 
a 400 MHz IF. 

The outputs of mixers 1109 and 1110 are output to IF 
SAW filter 1111, the output of which is amplified by ampli- 5 

fier 1112. The output of amplifier 1112 is sent to Sigma Delta 
AID 1113. In one embodiment, Sigma Delta AID comprises 
a 200 MHz 1-bit AID. 

The output of Sigma Delta AID 1113 is input to decimat
ing filters 1114. Decimating filters 1114 operate as described 10 

above. In one embodiment, the output of decimating filters 
1114 are 6 to 8 bits (for 3G) and 80 Mega samples per 
second, while in an alternative embodiments, the output is 
20 Mega samples and 6 to 8 bits for others. The output of 
decimating filters 1114 is sent to summation block (cancel- 15 

lation block) 1122 to cancel the inbound interference as 
described above. The output of summation block 1122 is 
output to filter 1125, which low pass filters the signals to 
baseband and output I and Q channels to a baseband 
processor. 20 

More specifically, in FIG. 11, the analog signal is split 
after the down converting mixer 1110 and sent to IF filter 
1111 and to flash AID converter 1116 (e.g., a 4 bit 200 MS/s 
flash AID converter). In one embodiment, bandpass filter 
1115 may be included (but is not necessary). In one embodi- 25 

ment, bandpass filter 1115 has a 60 MHz passband. Flash 
AID converter 1116 over samples the entire receive pass
band at 3 or 4 bits at a rate higher than the Nyquist rate to 
avoid aliasing. The output of flash AID converter 1116 is sent 
to two cells 1117 and 1118. 30 

In one embodiment, intermods source signal identification 
block 1117 breaks the receive pass band into frequency 
blocks and computes the DFT (or the FFT) to identify the 
blocks in which there is sufficiently high enough energy to 
create intermods. This function also determines which 35 

source signals are at the required frequency spacing to create 
intermods which will produce intermods in the pass band of 
the signal of interest. Only those that can produce intermods 
in the passband of the signal of interests are identified for 
filtering. 40 

In one embodiment, the first blocks are 3 MHz wide and 
those of interest are broken into 300 kHz blocks. Decimating 
filters 1114 that follow are nominally 300 to 400 kHz. 
Source signals are multiplied in the time domain to produce 
an estimate of the inband intermods. The estimate is filtered 45 

to the passband of the signal of interest to isolate those 
signals that need to be cancelled in the passband of the signal 
of interest. 

In one embodiment, flash AID converter 1116 receives the 
frequencies of the source signals and uses programmable 50 

decimating filters to isolate the source signals and increase 
the SNR by narrow band filtering. These signal sets are sent 
to intermod computation block 1119 where an estimate of 
the intermods is computed. 

In one embodiment, Macro Delay Buffer 1120 provides 55 

for delays of up to some number of samples to perform an 
approximate phase shift to account for any differences in the 
delay between the signal of interest path and the intermod 
generate path. The micro delay is done at the sub-sample 
level in phase and amplitude adjustment block 1121. 60 

In one embodiment, a calibration pulse is generated when 
the receiver is powered up to set the macro delay and then 
a phase adjustment is controlled by the correlators 1123. In 
one embodiment, correlators 1123 use a minimization algo
rithm in a manner well-known in the art. After this point, the 65 

processing is in the receiver embodiments described above 
without the IF filters. 

28 
What is claimed is: 
1. A method comprising: 
over-sampling, at a desired frequency, a passband of 

received signals to create a bit stream, wherein the 
received signals include signals of interest and inter
ference generating signals, the interference generating 
signals capable of generating intermodulation products 
inband of the signals of interest; 

isolating signals of interest in the bit stream using one or 
more decimating filters; 

isolating source signals that generate one or more inter
modulation products inband of the signal of interest 
using one or more decimating filters; 

computing an estimate of each of the one or more inter
modulation products from the source signals that gen
erate the one or more intermodulation products; 

cancelling out one or more inband intermodulation prod
ucts using the estimate of the intermodulation products; 
and 

performing phase and amplitude adjustment on estima
tions of the intermodulation product interfering signals 
in a closed loop manner, wherein performing phase and 
amplitude adjustment of the estimations comprises 
performing sub-sample phase shifts to make a phase 
adjustment on the estimations of the intermodulation 
product interfering signals. 

2. An apparatus comprising: 
means for over-sampling, at a desired frequency, a pass

band of received signals to create a bit stream, wherein 
the received signals include signals of interest and 
interference generating signals, the interference gener
ating signals capable of generating intermodulation 
products inband of the signals of interest; 

means for isolating signals of interest in the bit stream 
using one or more decimating filters; 

means for isolating source signals that generate one or 
more intermodulation products inband of the signal of 
interest using one or more decimating filters; 

means for computing an estimate of each of the one or 
more intermodulation products from the source signals 
that generate the one or more intermodulation products; 

means for canceling out one or more inband intermodu
lation products using the estimate of the intermodula
tion products; and 

means for performing phase and amplitude adjustment on 
estimations of the intermodulation product interfering 
signals in a closed loop manner, wherein the means for 
performing phase and amplitude adjustment of the 
estimations comprises means for performing sub
sample phase shifts to make a phase adjustment on the 
estimations of the intermodulation product interfering 
signals. 

3. An apparatus comprising: 
a sampling unit to sample, at a desired frequency, a 

passband of received signals to create a bit stream, 
wherein the received signals include signals of interest 
and interference generating signals, the interference 
generating signals capable of generating intermodula
tion products inband of the signals of interest; 

one or more filters to isolate signals of interest and 
interfering signals in the bit stream; 

a cancellation unit to cancel out isolated interference 
generated signals using estimations of the intermodu
lation products generated by the isolated interfering 
signals, wherein the estimations of the isolated inter
fering signals comprise estimations of intermodulation 
products falling inband of the signals of interest; and 
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a phase and amplitude adjuster to adjust the phase and 
amplitude of estimations of the isolated interfering 
signals in a closed loop manner, wherein the phase and 
amplitude adjuster performs phase and amplitude 
adjustment of the estimations by making sub-sample 5 

phase shifts to make a phase adjustment on the esti
mations of the isolated interfering signals. 

4. A method comprising: 
outputting a pair of identical digital samples from a sigma 

delta analog to digital converter (ADC) after sampling 10 

an intermediate frequency signal with the sigma delta 
ADC; 

applying a first decimating filter to one of the pair to 
perform a bandpass operation to obtain a signal of 
interest with in-band interference intermodulation 15 

products, wherein the first decimating filter comprises 
a finite impulse response (FIR) filter; 

30 
applying a first decimating filter to one of the pair to 

perform a bandpass operation to obtain a signal of 
interest with in-band interference intermodulation 
products; 

applying a second decimating filter to the other pair to 
perform a band reject operation for the signal of interest 
to create out of band signals that are a source of the 
in-band interference intermodulation products; 

generating an estimate of in-band intermodulation inter
ference based on the out of band signals; 

adding an inverted version of the estimate of in-band 
intermodulation interference to the signal of interest 
having the in-band interference intermodulation prod
ucts to cancel interference caused thereby and create a 
resulting signal; and cross-correlating the resulting 
signal with the estimate of the in-band interference. 

9. The method defined in claim 8 further comprising: 
adjusting phase and amplification of the inverted estimate 

of the in-band interference prior to adding the inverted 
estimate of in-band inter-modulation interference to the 
signal of interest. 

applying a second decimating filter to the other pair to 
perform a band reject operation for the signal of interest 

20 
to create out of band signals that are a source of the 
in-band interference intermodulation products, wherein 
the second decimating filter comprises a FIR filter; 10. The method defined in claim 9 wherein adjusting 

phase and amplitude of the inverted estimate of the in-band 
interference is controlled by an adaptive algorithm to pro-

25 duce results of cross-correlating the resulting signal with the 
estimate of the in-band interference. 

generating an estimate of in-band intermodulation inter
ference based on the out of band signals; and 

adding an inverted version of the estimate of in-band 
intermodulation interference to the signal of interest 
having the in-band interference intermodulation prod
ucts to cancel interference caused thereby and create a 
resulting signal, wherein the first and second FIR filters 30 

are applied at a rate at which the sigma delta ADC is 
applied. 

5. A method comprising: 
outputting a pair of identical digital samples from a sigma 

delta analog to digital converter (ADC) after sampling 35 

an intermediate frequency signal with the sigma delta 
ADC; 

applying a first decimating filter to one of the pair to 
perform a bandpass operation to obtain a signal of 

40 
interest with in-band interference intermodulation 
products; 

applying a second decimating filter to the other pair to 
perform a band reject operation for the signal of interest 
to create out of band signals that are a source of the 45 
in-band interference intermodulation products; 

generating an estimate of in-band intermodulation inter
ference based on the out of band signals, wherein 
generating an estimate of in-band interference is based 
on second and third order input intercept points (IIP2 50 

and IIP3); and 

11. The method defined in claim 10 wherein the adaptive 
algorithm is a zero forcing minimizing algorithm. 

12. The method defined in claim 11 wherein the mini
mizing algorithm comprises a zero forcing algorithm. 

13. An apparatus comprising: 
a converter to generate a pair of identical bit streams, 

wherein the bit stream comprises a flash analog to 
digital converter (ADC) 4 bit low resolution bit stream 
used to search the receive band for source signals and 
generate the estimates of the intermodulation products; 

at least one decimating filter coupled to the converter to 
filter the bit streams from an intermediate frequency 
(IF) signal prior to application of a digital down con
version, wherein the IF filter reduces out of band 
blocking signals prior to converter; 

a lowpass filter coupled to the decimating filter to filter the 
digital samples output from the decimating filter; 

an in-band interference compensation unit coupled to the 
lowpass filter; and 

a second module to pass the frequency bands with source 
signals to a filter function, wherein the low resolution 
bit stream from the flash ADC is narrow-band filtered 
to isolate the source signals with fairly wide filters. 

14. The apparatus of claim 13 wherein the filter function 
provides on the order of 5 to 10 times the width of the source 
signals. 

15. The apparatus of claim 14 wherein the in-band inter-

adding an inverted version of the estimate of in-band 
intermodulation interference to the signal of interest 
having the in-band interference intermodulation prod
ucts to cancel interference caused thereby and create a 
resulting signal. 

6. The method defined in claim 5 further comprising 
continuously generating updated IIP2 and IIP3 values. 

55 fere compensation unit multiplies isolated source signals 
together in the time domain to generate estimates of the 
intermodulation products and filters the result to pass only 
those intermodulation products that fall inband of the signal 

7. The method defined in claim 5 wherein generating an 
60 

estimate of in-band interference is further based on other 
non-linear attributes. 

8. further A method comprising: 

outputting a pair of identical digital samples from a sigma 
delta analog to digital converter (ADC) after sampling 65 

an intermediate frequency signal with the sigma delta 
ADC; 

of interest. 
16. The apparatus of claim 15 wherein only those fre

quency blocks with source signals, with such as relationship 
as to generate intermodulation products inband of the signal 
of interest, are isolated and filtered and used to generate inter 
modulation product estimates. 

17. The apparatus of claim 15 wherein the compensation 
unit delays the estimates of the intermodulation products by 
full samples for a macro adjustment of the phase. 
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18. The apparatus of claim 15 wherein the compensation 
unit delays the estimates of the intermodulation products on 
a sub-sample basis for a micro adjustment of the phase. 

19. The apparatus of claim 15 wherein the compensation 
unit continually updates the phase and amplitude of the 5 

intermodulation estimate and the estimates of the input 
intercept points (IIP2 and IIP3). 

20. A method comprising: 
receiving a signal comprising a signal of interest and one 

or more source signals; 
generating a sampled data stream by oversampling the 

received signal over a receiver bandwidth at a low 
resolution; 

10 

32 
improving cancellation by adjusting the intermodulation 

cancellation signal phase and amplitude based on the 
residual intermodulation interference. 

30. The method of claim 29, further comprising forcing 
the residual intermodulation interference to approach a 
mm1mum. 

31. The method of claim 20, further comprising: 
updating the estimate of the intermodulation product; and 
adapting the intermodulation cancellation signal using the 

updated estimate of the intermodulation product. 
32. The method of claim 20, wherein cancellation of 

intermodulation products is achieved without substantially 
changing an energy of the signal of interest. 

recovering one or more of the source signals from the 
sampled data stream; 

33. The method of claim 20, wherein a source signal is 
15 transmitter feed thru. 

using a digital process to estimate an intermodulation 
product in real time using the one or more recovered 
source signals; 

generating an intermodulation cancellation signal in real 
time from the estimate of the intermodulation product; 20 

and 

34. The method of claim 21, further comprising: 
searching the first sampled stream with a fast search 

algorithm; 
identifying frequencies of the source signals; and 
using the identified frequencies to predict intermodulation 

products within a bandwidth of the signal of interest. 
35. The method of claim 34, wherein the fast search 

algorithm is a fast Fourier transform. 
using the intermodulation cancellation signal to cancel the 

intermodulation product in a bandwidth of the signal of 
interest. 

21. The method of claim 20, wherein recovering the one 
or more source signals from the sampled data stream com-

36. The method of claim 34, wherein the fast search 
25 algorithm is a discrete Fourier transform. 

prises: 
copying the sampled data stream; 
filtering the copies of the sampled data stream with a 

plurality of programmable passband filters. 30 

22. The method of claim 20, wherein the one or more 
source signals are recovered by sampling a full passband of 
the receiver at radio frequency (RF), intermediate frequency 
(IF), or baseband (BB) using a flash analog to digital 
converter. 35 

37. The method of claim 34, further comprising: 
generating a control signal based on the identified fre

quencies; 
sending the control signal to the programmable passband 

filters; 
adjusting the programmable passband filters based on the 

control signal; and 
recovering the source signals. 
38. The method of claim 34, further comprising: 
sub-sampling and re-sampling the intermodulation can

cellation signal; and 
time-aligning the intermodulation cancellation signal and 

the predicted intermodulation products. 

23. The method of claim 20, wherein the one or more 
source signals are recovered by sampling a full passband of 
the receiver at radio frequency (RF), intermediate frequency 
(IF), or baseband (BB) using a sigma delta analog to digital 
converter. 

24. The method of claim 20, wherein the intermodulation 
cancellation signal is generated using a digital process 
comprising multiplying, sample by sample, two or more 
recovered source signals. 

25. The method of claim 20, wherein the intermodulation 
cancellation signal phase and amplitude are adjusted in real 
time to improve intermodulation product cancellation within 

39. The method of claim 21, further comprising filtering 
40 hopped signals with programmable digital filters to pass the 

hopped signals in different portions of the receive band. 
40. The method of claim 21, further comprising frequency 

hopping the intermodulation cancellation signal to align the 
intermodulation cancellation signal with at least one of the 

45 signal of interest and the intermodulation product, wherein 
at least one of the source signals or the signal of interest is 
frequency hopped. 

a passband of the signal of interest. 
26. The method of claim 21, further comprising recover-

50 
ing the signal of interest from the first sampled stream. 

27. The method of claim 21, further comprising: 
generating a second sampled stream by sampling a second 

passband of the receiver at a second sampling rate and 
filtering the resulting second signal with the plurality of 55 
programmable passband filters; and 

recovering the signal of interest from the second sampled 
stream. 

28. The method of claim 20, further comprising: 
filtering the intermodulation cancellation signal to retain 60 

only intermodulation products that fall within a pass
band of the signal of interest. 

29. The method of claim 20, further comprising: 
cross-correlating the intermodulation cancellation signal 

with the signal of interest after the cancellation process 65 

to determine a residual intermodulation interference; 
and 

41. A receiver comprising: 
a sampling rate multiplier to sample an analog signal 

using an oversampling ratio; 
a first finite impulse response (FIR) filter to pass a 

bandwidth of a signal of interest; 
a second FIR filter to reject the bandwidth of the signal of 

interest; 
a first downsampler to downsample a first signal to a 

sampling frequency; 
a second downsampler to downsample a second signal to 

the sampling frequency; and 
an intermodulation compensator, 
wherein: 
the first FIR filter is coupled to the sampling rate multi

plier and to the first downsampler; 
the second FIR filter is coupled to the sampling rate 

multiplier and to the second downsampler; and 
the first and second downsamplers are coupled to the 

intermodulation compensator. 
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42. The receiver of claim 41, wherein the oversampling 
ratio of the sampling rate multiplier is between 8 and 100. 

43. The receiver of claim 41, wherein the sampling rate 
multiplier comprises a sigma delta analog to digital con-
verter. 5 

44. The receiver of claim 41, wherein the sampling rate 
multiplier comprises a flash analog to digital converter. 

45. The receiver of claim 41, wherein the sampling rate 
multiplier is operable to sample the full passband of the 
receiver at radio frequency (RF), intermediate frequency 10 

(IF), or baseband (BB). 
46. The receiver of claim 41, wherein the tap weights of 

each FIR filter are programmable. 
47. The receiver of claim 41, wherein the intermodulation 

compensator is operable to receive a number bit streams 15 

from the sampling rate multiplier equal to a number of 
source signals to be compensated. 

48. An intermodulation compensator comprising: 
a processor to accept an input signal and to compute 

expected in-band interfering signals based on second 20 

order and third order input intercept points (IIP2 and 
IIP3) for a receiver; 

a finite impulse response (FIR) filter to pass intermodu
lation products in a bandwidth of a signal of interest; 

an adjuster to adjust an intermodulation cancellation 25 

signal phase and amplitude; 

34 
an inverter to invert the intermodulation cancellation 

signal; and 
an adder to add the inverted intermodulation cancellation 

signal to another signal, 
wherein: 
the processor is coupled to the FIR filter; 
the controller is coupled to the FIR filter and to the 

inverter; and 
the adder is coupled to the inverter. 
49. The intermodulation compensator of claim 48, 

wherein the adjuster has an input for a control signal. 
50. The intermodulation compensator of claim 49, further 

comprising: 
a correlator coupled to the adder output and to the 

adjuster; and 
an adaptive algorithm calculator coupled to the adjuster 

and to the correlator, wherein the adaptive algorithm 
calculator is operable to generate the control signal. 

51. The intermodulation compensator of claim 50, 
wherein the adaptive algorithm calculator includes logic to 
execute an adaptive algorithm to compute the control signal. 

52. The intermodulation compensator of claim 48, 
wherein the processor is configured to accept input intercept 
point estimate updates. 

* * * * * 
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(57) ABSTRACT 

A transmitter channel interference mitigation processing 
method for cancellation of intermodulation products are 
described. In one embodiment, a method comprising gen
erating continuous and real time IMP cancellation signals 
(ICS) in the baseband digital signal set of the transmitter 
based on a transmitter signal set, combining digital IMP 
cancellation signals with a digital baseband transmitter 
signal set such that the digital cancellation signals, when 
converted to analog signals and transmitted as part of an 
analog transmitter signal set, are cancelled by and so cancel 
the IMPs generated by the non-linear components in the 
analog transmitter hardware, including digitally generating 
the IMP cancellation signals using a process based on a 
power series description of a non-linear process generating 
the IMPs, generating 3rd order IMP cancellation signals by 
digitally multiplying two or three signals of the transmitter 
signal set to create 3rd order IMP cancellation signals, 
generating 5th order IMP cancellation signals by digitally 
multiplying two or three or five signals of the transmitter 
signal set to create 5th order IMP cancellation signals, 
generating 7th order IMP cancellation signals by digitally 
multiplying two or three or five or seven signals of the 
transmitter signal set to create 7th order IMP cancellation 
signal, generating odd order IMP cancellation signals (ICS) 
by digitally multiplying an odd number of digital signals and 
combining multiplied digital signals with the transmitter 
baseband digital signals, creating IMP cancellation signals 
in the receiver, and cancelling one or both of active and 
passive IMPs generated in a transmitter path that fall within 
a receiver passband. 

40 Claims, 6 Drawing Sheets 
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Transmiter Intermodulation Products for a Four carrier Scenario 
Transmit Filter 

Assume 12 pole 
transmit filter 
72dB/octive 

f1 f2 f3 f4 

2f/3 IMP Level After I 2ff I I f12f2 
Suppression 6 dBm 3 4 

7900 8000 
MHz MHz 

Assume 700 Watt HPA = 58.5 dBm 
Assume Pmax = .5dB back off= 58 dBm 
With 4 carriers, the power per carrier is 
52dBm or 158 Watts per carrier 

Note: Typically (to meet IM req, 
B/0 is 11 dB) 

Total transmit power= 47dBm 
41 dBm = 13 Watts per carrier 

8100 8200 8300 8400 
MHz MHz MHz MHz 

OIP3 = 65dBm so with 65dB gain, IIP3 = OdBm 

Referenced to Output of HPA 
IMP3 = P1 + 2P2 -2*01P3 
IMP3 = 52 + 2x52 -2*65 = +26dBm 
Referenced to Input of HPA 
Assume 65dB gain; IIP3 = OdBm 
IPM3 = -13 +2x(-13)-0 = -39dBm 
referenced to output = -39+65 = +26dBm 

2f1 f3 IMP Out of Band 

f12f3 IMP Out of Band 

2f1 f4 IMP Out of Band 

f12f4 IMP Out of Band 

f22f4 IMP Out of Band 

With 4 bits of accuracy in the IMP cancellation Process, the I MPs will be suppressed by theoretical 24dB. The goal 
is 20dB suppression: With 20dB suppression, the I MPs will be down 46dB from the single tone power or 49dB 
below the combined two signal power. 

The IMPs and Clipping in the Transmitter will Generate out of Band Emissions (OORE) Creating 
Interference in Adjacent Bands the Companion Receive Band and as in the Co-located Receiver Bands. 

FIG. 1 
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-50 -40 -30 -10 0 10 20 30 
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This figure shows a typical X-Band Multi-Carrier Transmitter that would normally be backed off by 
around 6dB to 12dB to ensure the generation of !MPs does not exceed specifications 
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MITIGATION OF TRANSMITTER PASSIVE 
AND ACTIVE INTERMODULATION 

PRODUCTS IN REAL AND CONTINUOUS 
TIME IN THE TRANSMITTER AND 

2 
w.) PAE-power added efficiency, the ratio of the input 

prime power to the amplifier output power. 
x.) IP3-third order intercept point 

CO-LOCATED RECEIVER 5 

y.) IIP3-third order intercept point referenced to the 
input of the amplifier, in dBm 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

z.) 0IP3-third order intercept point referenced to the 
output of the amplifier, in dBm 
aa.) !MP3-third order IMP in dBmab.) 

This is a continuation-in-part of application Ser. No. 10 

11/851,185, filed Sep. 6, 2007 now U.S. Pat. No. 7,773,967, 
which is now U.S. Patent Publication No. 2009/0068974 
published Mar. 12, 2009, and is incorporated herein by 

ab.) IIMP3-input third order IMP in dBm, referenced 
to the input of the amplifier 

ac.) OIMP3-output third order IMP in dBm, refer
enced to the output of the amplifier 

ad.) ISPl-input signal power in dBm of the source 
signal used once in the creation of the !MP3 reference. 

FIELD OF THE INVENTION 

15 ae.) ISP2-input signal power in dBm of the source 
signal used twice in the creation of the !MP3 

ad.) MSBs-most significant bits 
af.) LSBs-least significant bits 

BACKGROUND 

The field of the invention relates to the field of radio 
receivers and nonlinear transmitters. More specifically, the 20 
invention relates to the mitigation of non-linear intermodu
lation product distortions and interference in continuous and 
real time via processes in the transmitter and the co-located 
receiver(s ). 

Satellite communications systems are typically high 
power transmission systems, often requiring transmitter 
back off to near linear operation to prevent the generation of 

25 intermodulation products (IMPs), side lobe re-growth 
(SLRG) and out of band emission (OOBE), especially when 
operating in a multi-carrier scenario. 

BACKGROUND OF THE INVENTION 

Terms and Definitions 

a.) IMP-Intermodulation Product(s) 
b.) Source Signals-Signals that mix in non-linear 

devices to create new and undesirable signals called 
intermodulation products or IMP 

c.) IF-intermediate frequency 
d.) RF-radio frequency 
e.) AM/AM-amplitude to amplitude modulation 
f.) AM/PM-amplitude to phase modulation 
g.) Active !MPs-signals created in active non-linear 

devices usually with gain 

The capacity of satellite communications channels is 
limited by the bandwidth of the channel and the EIRP-G/T 

30 product of the transmitter and receiver sensitivity, the avail
able SNR or the SNIR if we include the IMP and other 
interference. Satellite to Satellite, Satellite to Ground and 
Ground to Satellite communications systems are typically 
high power systems with transmit high power amplifiers 

35 (HPA) operating at 50 to few hundred watts. In some cases, 
kilowatt transmitters may used. 

HPAs, TWTAs and multi-module SSPAs and LNAs, are 

h.) Passive !MPs-signals created in passive components, 40 

usually created by imperfections in physical character
istics of items like waveguides, typically components 
without gain 

non-linear devices and can all generate active IMPs. When 
these devices are linearized, the result is often a 3 to 4 dB 
reduction in output power. This is often only an approxi
mation to linearity and the IMP issue is not totally mitigated. 
The less the required back-off of the amplifier, the greater 
the available transmitter power, and the greater will be the 
channel capacity and power added efficiency (PAE). i.) GIT-gain to noise temperature ratio, typically given 

in dB 
j .) EIRP---effective isotropic radiated power; power trans

mitted times the antenna gain 
k.) Notch Filter-a filter that removes the energy from a 

selected pass band-noted here to clarify that this 
invention does not use notch filters to remove IMPs. 

I.) Direct Cancellation-technique used in this invention 
to suppress IMP signals by direct cancellation of the 
interfering signal without removing energy from the 
signal of interest. 

45 To accommodate multi-carrier operation, systems often 
require transmitter back off to near linear operation to 
preclude the generation of intermodulation products (IMPs) 
and to prevent side lobe re-growth and out of band emis
sions. Given systems with narrow guard bands between 

50 transmit and receive bands, transmitter feed thru and pas
sive/active IMPs, generated in the transmitter, can preclude 
multi-carrier operation. 

Transmitter feed thru can also be created as a third order 
IMP in cell phones with when signals mix. 

BRIEF DESCRIPTION OF THE DRAWINGS 
m.) SOI-signal of interest-the signal or signals that are 55 

to be recovered by the system or transmitted by the 
system. Sometimes the SOI is referred to as target 
signal. FIG. 1 shows the IMPs and clipping in the transmitter will 

generate Out of Band Emissions (OOBE) creating interfer-
60 ence in adjacent bands the companion receive band and as 

in the co-located receiver bands. 

n.) SLRG-side lobe re-growth 
o.) OOBE-out of band emissions 
p.) SNR-signal to noise ratio 
q.) SINR-signal to interference plus noise ratio 
r.) TWTA-traveling wave tube amplifier 
s.) SSPA-solid State Power Amplifier 
t.) HPA-high power amplifiers 
u.) LNA-low noise amplifier 
v.) ICS-IMP cancellation signal 

FIG. 2 shows a typical X-Band Multi-Carrier Transmitter 
that would normally be backed off by around 6 to 12 dB to 
ensure the generation of IMPs does not exceed specifica-

65 tions. 
FIG. 3 shows passive IMPs Curves-Measured Data, 

with high and low range. 
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FIG. 4 shows the transmitter architecture mitigates the 
non-linear distortion from the HPA allowing the transmitter 
to be operated at or near saturation with multiple carriers and 
multiple amplitude signals while meeting out of band emis
sion requirements. 

FIG. 5 shows a typical LNA for a ground terminal-very 
low IIP3 and high gain-result: high IMPs. 

FIG. 6 shows a full duplex ground terminal with passive 
and active IMP suppression in the transmitter/receiver. 

DETAILED DESCRIPTION OF THE 
INVENTION 

The IMP (Intermodulation Products) cancellation tech
niques contained in patent application Ser. No. 11/851,185, 
filed Sep. 6, 2007, which is now U.S. Patent Publication No. 
2009/0068974 published Mar. 12, 2009 and those in this 
patent application are fundamentally the same, to include the 
Passive and Active IMPs produced by the high power 
transmitter and mitigated in both the transmitter and the 
receiver. In all the cases discussed, digital copies of the 
signals that create the intermodulation products are isolated 
and multiplied in the time domain digital sample by sample 
to create a copy of the interfering signal and this signal is 
used to cancel the IMPs in real and continuous time. 

A previous patent application Ser. No. 10,603,798 (Jun. 
24, 2003) is discussed herein and is an invention to mitigate 
non-linear AM/AM and AM/PM distortion and signal clip
ping which results in side lobe regrowth. This references 
herein are used to describe how the IMP cancellation and the 
AM/ AM and AM/PM distortion and interference mitigation 
can be implemented together. 

While all of the techniques described herein can be 
implemented either at baseband I and Q or some composite 
digital IF signal, the composite IF is described due to 
implementation efficiency. The techniques described herein 
are readily implementable at I and Q baseband as will be 
readily recognized by one versed in the arts. 

Embodiments of this invention are described in conjunc
tion with a satellite communications system. This is not 
intended to limit this invention to satellite systems. As will 
be recognized by one versed in the art, this invention is 
applicable to any amplifier and extends to, but is not limited 
to, terrestrial communications, wired and cable systems, 
wireless mobile terminals and base stations, commercial and 
military applications, local area communications (wireless 
LAN), wireless offices, air to air, air to ground, ground to air, 
satellite to satellite, satellite to ground and ground to satellite 
communications. 

4 
invention. It will be apparent, however, to one skilled in the 
art, that the present invention may be practiced without these 
specific details. In other instances, well-known structures 
and devices are shown in block diagram form, rather than in 

5 detail, in order to avoid obscuring the present invention. 
Some portions of the detailed descriptions which follow 

are presented in terms of algorithms and symbolic repre
sentations of operations on data bits within a computer 
memory. These algorithmic descriptions and representations 

10 are the means used by those skilled in the data processing 
arts to most effectively convey the substance of their work 
to others skilled in the art. An algorithm is here, and 
generally, conceived to be a self-consistent sequence of steps 
leading to a desired result. The steps are those requiring 

15 physical manipulations of physical quantities. Usually, 
though not necessarily, these quantities take the form of 
electrical or magnetic signals capable of being stored, trans
ferred, combined, compared, and otherwise manipulated. It 
has proven convenient at times, principally for reasons of 

20 common usage, to refer to these signals as bits, values, 
elements, symbols, characters, terms, numbers, or the like. 

It should be borne in mind, however, that all of these and 
similar terms are to be associated with the appropriate 
physical quantities and are merely convenient labels applied 

25 to these quantities. Unless specifically stated otherwise as 
apparent from the following discussion, it is appreciated that 
throughout the description, discussions utilizing terms such 
as "processing" or "computing" or "calculating" or "deter
mining" or "displaying" or the like, refer to the action and 

30 processes of a computer system, or similar electronic com
puting device, that manipulates and transforms data repre
sented as physical (electronic) quantities within the com
puter system's registers and memories into other data 
similarly represented as physical quantities within the com-

35 puter system memories or registers or other such informa
tion storage, transmission or display devices. 

The present invention also relates to apparatus for per
forming the operations herein. This apparatus may be spe
cially constructed for the required purposes, or it may 

40 comprise a general purpose computer selectively activated 
or reconfigured by a computer program stored in the com
puter. Such a computer program may be stored in a computer 
readable storage medium, such as, but is not limited to, any 
type of disk including floppy disks, optical disks, CD-

45 ROMs, and magnetic-optical disks, read-only memories 
(ROMs), random access memories (RAMs), EPROMs, 
EEPROMs, magnetic or optical cards, or any type of media 
suitable for storing electronic instructions, and each coupled 
to a computer system bus. 

The algorithms and displays presented herein are not 
inherently related to any particular computer or other appa
ratus. Various general purpose systems may be used with 
programs in accordance with the teachings herein, or it may 
prove convenient to construct more specialized apparatus to 

This invention provides the capability to suppress the 50 

passive/active IMPs by 20+dB and when implemented with 
invention (patent application Ser. No. 10/603,798, filed Jun. 
24, 2003) prevents SLRG and non-linear AM/AM and 
AM/PM distortion in the transmitter to include multi-am
plitude signals operating near saturation. In the receiver, this 
invention will suppress receiver generated IMPs and active 
and passive IMPs from transmitters. 

55 perform the required method steps. The required structure 
for a variety of these systems will appear from the descrip
tion below. In addition, the present invention is not 
described with reference to any particular prograniming 
language. It will be appreciated that a variety of program-

This invention can allow transmitter back off to be 
reduced by 6+dB or more reducing the required HPA size by 
a factor of 4 or more while supporting multi-carrier opera
tions. The technology can also mitigate IMPs caused by high 
powered co-located transmitters. The technology is modu
lation and device agnostic and can cancel IMPs without 
canceling energy in the signal of interest (SOI). This inven
tion is adaptive and self converging. 

In the following description, numerous details are set 
forth to provide a more thorough explanation of the present 

60 ming languages may be used to implement the teachings of 
the invention as described herein. 

A machine-readable medium includes any mechanism for 
storing or transmitting information in a form readable by a 
machine (e.g., a computer). For example, a machine-read-

65 able medium includes read only memory ("ROM"); random 
access memory ("RAM"); magnetic disk storage media; 
optical storage media; flash memory devices; etc. 
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Overview 
Embodiments of the invention provides the capability to 

suppress the passive/active IMPs by 20+ dB in both the 
transmitter and the receiver. This technology can allow 
transmitter to be operated at 6 dB+ higher power or with an 5 
amplifier 114 the size, or a parabolic antenna 1h the size. As 
one versed in the art will recognize, the invention can 
produce greater IMP suppression and support less back off 
in the amplifiers. 

The technology can mitigate IMPs caused by high power 
10 

co-located transmitters. The architectures presented herein, 
covering the transmitters and receivers and the various 
interference/distortion mitigation techniques, can be imple
mented individually or all simultaneously. 

The IMPs are suppressed with a direct cancellation tech
nique in the digital domain. Copies of the signals that create 15 

the IMPs ( called source signals) are acquired and isolated in 
real time and are then used to create an IMP cancellation 
signal (ICS) which is used to cancel the IMPs in continuous 
and real time in both the transmitter and the receiver. 

The IMPs can be superimposed and or overlapping in 20 

frequency with each other or the signals of interest. Multiple 
IMPs can be cancelled simultaneously even if they overlap 
in frequency. IMPs can be cancelled even if they are wider 
in frequency bandwidth and at a power level much higher 
than the signal of interest. 25 

With this invention, multiple IMPs can be cancelled 
simultaneously because all IMPs are uncorrelated even 
though they may not be independent, even if they have a 
common source signal. The IMPs can be at the same 
frequency and have different bandwidths and can be wider 

30 and higher power than the SOI. 
In the transmitter, the amplifier can be operated at 

approximately 1 dB higher output level for each 3 dB 
reduction in the IMPs power level. This allows the trans
mitter back off to be a reduced by 1 dB for each 3 dB 
suppression of the IMPs without exceeding the IMP gen- 35 

eration specification of the system. 
For each bit of accuracy in the IMP cancellation process, 

6 dB suppression of the IMP is realized. For each dB of 
suppression of the IMPs, the receiver sensitivity is improved 
dB for dB down to the noise floor of the receiver or, in the 40 

transmitter, the transmitter back off is reduced by 2 dB. 
Overall Description of Interference and Mitigation 

IMPs can result from several sources and all of the IMPs 
are suppressed in a similar fashion. The IMPs can impact 
several receivers in different configurations associated with 45 

one or multiple transmitters. 
In the example discussed herein (X-Band MILSATCOM), 

there are many users in the allocated satellite uplink and 
downlink pass bands. The SATCOM systems are heavily 
oversubscribed and preventing interference between users is 50 

critical. This requires that out of band emissions (OOBE) 
and IMPs be carefully controlled. 

Controlling side-lobe re-growth and IMPs often requires 
operating transmitters in the linear mode and often with only 
single carriers. The invention presented herein provides the 55 

capability to operate transmitters in a highly non-linear 
region while controlling OOBE and IMPs and thus signifi
cantly improving system efficiency and capacity. 

The interference environment with multiple transmitters 
and receiver is complicated and thus some definitions are in 60 

order. 

6 
2. Companion transmitter: Transmitter associated with the 

companion receiver of the self communications termi
nal 

3. Companion receiver: Receiver associated with the 
companion transmitter of the self communications ter
minal 

4. Co-located receiver: A receiver located in the vicinity 
of the self communications terminal, but not associated 
with the self terminal 

5. Co-located transmitter: A transmitter located in the 
vicinity of the self terminal, but not associated with the 
self terminal 

6. Other terminals: Terminals not co-located, but poten
tially impacted by or impacting the self terminal 

The Impacted Receivers are: 
1. Companion receiver (receiver associated with the self 

transmitter) 
2. Co-located receiver (co-located receiver that is not 

associated with the self terminal) 
3. Other ground SATCOM receivers using the satellite to 

ground receiver channels 
4. Satellite (on orbit) receivers with multiple uplink and 

downlink channels 
The IMP Sources are the Following: 
1. Active high power IMPs generated in the HPA falling 

in the transmit band of self terminal 
2. Active high power IMPs generated in the HPA falling 

in the companion receiver band of the self terminal 
3. Passive IMPs generated in the waveguide and other 

passive components, between the transmitter filter and 
the antenna feed, of the transmitter falling in the 
transmit band of self terminal 

4. Passive IMPs generated in the waveguide and other 
passive components, between the transmitter filter and 
the antenna feed, of the transmitter falling in the 
companion receiver band of the self terminal 

5. Active IMPs generated in the receiver from extraneous 
high power signals in the receiver band from any 
source 

6. Active IMPs generated in co-located high power trans
mitters 

7. Passive IMPs generated in co-located high power 
transmitters 

8. IMPs generated in the receiver by mixing of receiver 
band signals with high power transmitter noise floor in 
the receiver band of self terminal 

9. Cross modulation of transmitter signals falling into 
receiver bands such as in cellular telephony systems 
like CDMA 

In each of the cases identified here, in embodiments of the 
invention, the IMPs will be actively cancelled by creating a 
copy of the IMP digitally and canceling the system gener
ated IMPs in real and continuous time. This is accomplished 
by extracting and isolating copies of the signals that create 
the IMPs and digitally multiplying them together in the time 
domain to create a copy of the IMPs generated in the 
transmitters and receivers. While each implementation of 
the IMP cancellation process is a little different, they are all 
based on the same IMP cancellation patents pending for 
patent application Ser. No. 11/851,185, filed Sep. 6, 2007, 
which is now U.S. Patent Publication No. 2009/0068974 
published Mar. 12, 2009, which is incorporated herein. 

DEFINITIONS 

1. Self communications terminal: The receiver and trans
mitter of the target system ( central system to discus
sion)( also referred to as the self terminal) 

It should be noted that while the description herein 
concentrates on 3rd order IMPs, as one versed in the arts will 

65 recognize, the invention is readily extensible to any order 
IMP by the correct selection of the source signals and 
multiplying these signals together in the time domain in the 
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correct combinations. 3rd order IMPs are usually, but not 
always, the most problematic and so are discussed here for 
demonstration purposes. 

8 
and receiver bands, potentially jamming on orbit satellite 
receivers and co-located ground receivers. To preclude this 
self janiming and janiming of other receivers, MIL-STD-
188-165A imposes limits on the transmitted IMPs and out of The IMP cancellation is executed in the digital domain 

and is performed in such a manner that it only needs to be 
concerned with the large signal components. The invention 
does not need to be concerned with the fine grained struc
ture, modulation or the internals of any signals. The tech
niques are modulation agnostic. In the digital IMP cancel
lation process, 6 dB of IMP suppression is realized for each 
bit of accuracy. 

5 band emissions (OOBE). The ground transmitter back off is 
typically on the order of 6 to 12 dB for multi-carrier systems. 

If the process in accurate to 4 bits, then 24 dB suppression 
of the IMP will be achieved. This process is not limited to 

The MIL-STD-188-l 65Arequirements for SATCOM Ter
minals are specified for the bands shown in Table 1. The 
satellite bands include C, X, Ku and Ka and will soon 

10 include Q band. As an example of the concept and the 
approach, the X-band example will be presented, but the 
analysis applies to any bands. 

4 bits of accuracy, and depending on the environment and 
implementation chosen, greater accuracy is possible. For 
demonstration and discussion, 4 bits will be assumed herein, 
but this is not intended be a limitation. The process will be 
described in detail. 

X-band is the most susceptible to transmitter feed thru to 
the receiver due to the narrow guard band between the 

15 companion transmit and receive bands. This creates a par
ticularly difficult problem with passive IMPs. 

The Techniques Presented Here Provide the Following 
Functions and Benefits: 

The maximum linear power and the level of IMPs gen
erated determine the maximum transmitter operating power 
for a multi-carrier system. If the IMPs generated by the 

20 transmitter can be suppressed by 20 dB, then the EIRP of the 
transmitter can be raised by 6+dB as shown in the example 
below. 

1. Non-linear pre-distortion to mitigate AM/AM and 
AM/PM and digitally pre-clipping and filtering to pre
vent signal compression and side-lobe re-growth (also 
supports multi-amplitude signals when this invention is 
implemented in conjunction with patent application 25 

Ser. No. 10/603,798, filed Jun. 24, 2003. 
2. Cancellation of passive and active transmitter IMPs 

allowing multi-carrier operation in non-linear systems 
3. Cancels IMPs in the receivers caused by transmitter 

feed thru generated IMPs 
4. Cancellation of IMPs caused by higher power co

located transmitter signals mixing in the receiver band 
5. Cancellation of passive IMPs generated in co-located 

transmitters. 

30 

In the sections that follow, the different sources of IMPs 35 

and OOBE interference will be discussed along with their 
associated impact. Then the interference suppression tech
nique will be discussed along the benefits of the interference 
suppression. All of the techniques described herein can be 
implemented individually or simultaneously. 40 

Multiple IMPs from multiple signals can be cancelled 
simultaneously because all IMPs are uncorrelated as has 
been proved by stochastic processes in another paper. The 
IMPs can be co-channel ( occupying the same frequency of 
the signal of interest) and can be wider than the signal of 45 

interest and can be much higher power. This technique is not 
a notch filter and does not remove energy from the signal of 
interest. The IMP suppression is a direct digital cancellation 
of the IMP in real and continuous time. 
Intermodulation Products (IMPs), Side Lobe Re-Growth 50 

(OOBE) 
The interference and interference mitigation discussion 

will begin with the high power transmitter active and passive 
IMPs. IMP cancellation in the receiver is covered in Patent 
application Ser. No. 11/851,185, filed Sep. 6, 2007, which is 55 

now U.S. Patent Publication No. 2009/0068974, published 
Mar. 12, 2009. 

The transmitter architecture for mitigation of AM/ AM and 
AM/PM and side lobe re-growth prevention will then be 
discussed. The receiver IMP suppression will be covered. 60 

Receiver options for co-location interference mitigation will 
then be presented. 
High Power Transmitter Generated IMPs, Active and Pas-
s1ve 

FIG. 1 shows the four carrier intermodulation products 
case. For the two carrier case which will be discussed below, 
the input power of the transmitted signals creating the IMPs 
are: IP! =IP2=58-3=55 dBm. The OIMP3 referenced to the 
HPA output will be 3(55)-2x65=+35 dBm. This will be 
discussed in detail below. 

Definitions: MIL-STD 188: 
Transmitter maximum linear power 

Single carrier terminal 
Power at which side lobe energy is 30 dB below the 

SPD at the center frequency 
Multi-Carrier Terminals 

The sum of the power of two signals where in the 3rd 
order IMP is 25 dB below the combined power of 
the two signals 

The transmitter power shall be measured for the Pmax 
Pmax is defined at the 10:1 compression point (typi

cally about Psat -0.5 to -1.5 dB) 
Pmax is the combined power of the two tones 

Pmax IMP<-14 dBc see FIG. 2 purple line (201) 
Pmax-3 dB IMP<-19 dBc see FIG. 2 bright green line 

(202) 
Pmax-6 dB IMP<-25 dBc see FIG. 2 gold line (203) 

It should be noted here that while SATCOM applications 
are the focus of this discussion to describe the functions and 
benefits of this invention, it is not intended to limit the 
application of this invention. This invention is applicable to 
any type of non-linear transmitter to include terrestrial 
communications and mobile wireless communications for 
both fixed and mobile units. It is also applicable to wired and 
cable applications. It should also be noted that while this 
discussion talks about 3rd order IMPs, since they are typi
cally the most problematic, this invention is readily 
extended to any order IMP. 
Multi-Carrier Transmitters 

The next part of the discussion will examine a typical 
multi-carrier SATCOM ground terminal. Typical HPA 
amplifier characteristics for the power input versus power 
output and the third order IMPs are shown in FIG. 2. This 
is a typical example of a ground terminal and others imple
mentations will vary, but the overall concepts are still 
applicable and the values are reasonable. As shown in FIG. 

High Power Transmitter Active IMPs 
FIG. 1 shows an example of how a multi-carrier trans

mitter can generate unwanted IMPs across the transmitter 

65 2, the graphical solution for the 3rd order IMP is based on 
the power of a single carrier, not the sum of the two carriers. 
For the case of Pmax at 58 dBm, the sum of the two carriers 
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is 58 dBm and the power of each carrier is 55 dBm. From 
the graphical solution, it can be seen that the IMP is 35 dBm 
which is 23 dB below the two power total or -20 dBc (below 
the single carrier). The specification above requires that the 
IMP be -14 dBc. If the two carriers are at 58 dBm, then the 5 

IMP is at 44 dBm or -14 dBc. With two carriers, there are 
actually four 3rd order IMPs, at 2fl + f2 and 2f2+ fl. The total 
power in the IMPs is 6 dB higher than for one IMP which 
is shown in FIG. 2 and this gets us from -20 dB to -14 dB. 
In reality, there are additional IMPs, but 3fl and 3f2 are out 10 

of band and 2fl-fl and 2f2-f2 fall on top of fl and f2 but 
are very small compared to fl and f2. The end result of this 

10 
will be at 35 dBm-10 dB=25 dBm or -30 dBc and the 
maximum linear power will be at saturation and will yield a 
6 dB EIRP advantage or the ability reduce the size of the 
amplifier by a factor of 4. IMPs can be suppressed by 
approximately 20 dB+. 
Four Carrier Transmitter Case 

In FIG. 2, for the 4 carrier case, (as shown with the solid 
line 204) at a total transmit power of 47 dBm (multi-carrier 
system) the IMPs at the output can be expected to be about 
-7 dBm (single carrier power of 41 dBm). To meet the same 
IMP performance (with IMP suppression), the four carrier 
transmit power could be 53.6 dBm total power with a two 
carrier total power of 50.6 dBm and each signal at 47.6 dBm 
(for each of 4 signals) (FIG. 2, line 205) (for the graphical 

is that the specification is conservative. With IMP suppres
sion, the HPA can be operated with very little if any back off 
and in a very non-linear region. 

The power in the 3rd order IMPs can be taken from the 
graph (FIG. 2) or computed by using the following: 

IIMP3( dBm)=ISP 1 ( dBm)+2xISP i dBm)-2xIIP3( dBm) 
where: 

15 solution) with the IMP prior to suppression at 13 dBm and 
- 7 dBm with 20 dB suppression. This is a 6.6 dB improve
ment in EIRP for the same amplifier. Single carrier systems 
can now be multi-carrier. In the case shown, a 6.6 dB higher 

IIMP3=the power in the 3rd order IMPs referenced to the 20 

input of the amplifier; when referenced to the output, 
OIMP3=IIMP3+Gain of amplifier 

ISP iC dBm)=power in signal used once in creation of the 
3rd order IMP referenced to the input of the amplifier 

ISPidBm)=power in signal used twice in creation of the 25 

3rd order IMP referenced to the input of the amplifier 
IIP3=3rd order intercept point referenced to the input of 

the amplifier 

EIRP could be realized or an amplifier 114 the size could be 
used. 

Prior to IMP suppression: OIMP3=3(47.6)-2(65)=13 
dBm (FIG. 2, line 205) 

After IMP suppression, OIMP3=13-20=-7 dBm (same as 
FIG. 2, bottom line 204) 

In the four carrier case, if the amplifier is operated at 
saturation (no back off), each carrier will be at 58-6 dB or 
52 dBm. The IMPs prior to suppression will be at 44 dBm 
and at 24 dB after suppression. This puts them at -31 dBc 
(55-24) for the combined power of two signals and this The same equation can be used to reference all signals to 

the output of the amplifier 
OIMP3(dBm)=l(OSP1 dBm)+2(0SP2 dBm)-2(0IP3 

dBm)=output 3rd order IMP 
OSPl(dBm)=power in signal used once in creation of the 

3rd order IMP referenced to the output of the amplifier 

30 meets the requirement for maximum linear operation with 
NO back off. In this case an 11 dB ( 47 dBm versus 58 dBm) 
advantage in the amplifier or a reduction by a factor of 12 in 
size of the amplifier is available. 

OSP2 (dBm)=power in signal used twice in creation of 35 

the 3rd order IMP referenced to the output of the 
amplifier OIP3=3rd order intercept point reference to 
the output of the amplifier 

Example IMP Scenario 
For this example, the gain is assumed to be 65 dB and the 40 

OIP3 is 65 dBm so the IIP3 is O dBm. 
In this example, we assume 4 carriers with an output 

power of 13 watts each for a total of 52 watts or 47 dBm 
from a maximum power output of700 watts (58.5 dBm) and 
a Pmax of 58 dBm. (Note: This amplifier would most likely 45 

require phase coherent power combining of two or more 
TWTAs). In this case, the OSPl and OSP2 would be at 13 
watts or 41 dBm, or an input of -24 dBm (ISP). The output 
IMP would be: 

OIMP3=3(41)-2(65)=-7 dBm referenced to the HPA 50 

output 
If referenced to the amplifier input, 
IIMP3=3(-24)-2(0)=-72 dBm=>-72 dBm+65 dB 

gain=-7 dBm=0IMP3: 

If the IMP cancellation process is accurate to the 4 MSBs, 
then 24 dB suppression of the IMPs will be realized and the 
IMPs will be at 44 dm-24 dB=20 dBm or -32 dBc for a 
single carrier and -38 dBc for the total power. 

As will be shown below, residual IMPs from the trans
mitter and from the receiver LNA can be suppressed by up 
to 20 dB+ in the receiver. The IMP cancellation is done 
digitally in both the transmitter and the receiver and for 
every bit of accuracy, the IMPs are suppressed by 6 dB. The 
process is self adapting and is not dependent on any make or 
model of HPA or LNA. 
High Power Transmitter Active Feed Thru IMPs 

As shown in FIG. 1, the transmitter filter will typically 
suppress most of the IMP energy that falls out of band of the 
transmitter, but possibly not all of the energy will be 
suppressed. If we consider a typical X band LNA, say a 
MITEQ JPW4-07250775-45K-S, we will see a gain of 40 
dB and an OIP3 of 17 dBm yielding an IIP3 of -23 dBm. If 
the transmitter IMPs are at 20 dBm and the transmitter filter 
reduces them by 72 B, then the power is still at -52 dBm. 
If the signal of interest in the receiver is -120 dBm and the 

See FIG. 2, 204 55 LNA generated IMP referenced to the input of the LNA is: 
Maximum Linear Power as Defined by MIL-STD-188/165A 

If we ignore the multiple IMPs and just use the definition 
of a single IMP level below the single carrier, then the 
maximum linear power is defined as the power at which each 
of the IMPs is -25 dBc. In the case shown in FIG. 2, without 60 

IMP suppression, the maximum linear power is about 52 
dBm (FIG. 2, 203), as described above. In this case, the 
power in each carrier will 49 dBm for a total power of 52 
dBm. 

If we assume that Pmax=58 dBm, with two carriers, the 65 

power in each carrier will be 55 dBm. If the IMPs generated 
by the 55 dBm carriers are suppressed by only 10 dB, they 

IMP3=3(-52)-2(-23)=-110 dBm everything referenced 
to the input of the LNA: 

=>Transmitter feed thru IMPs could be a problem.<= 
If the passive IMPs become source signals for IMPs in the 

receiver, the IMP cancellation will be done as described in 
patent application Ser. No. 11/851,185, filed Sep. 6, 2007, 
which is now U.S. Patent Publication No. 2009/0068974 
published Mar. 12, 2009. 
High Power Transmitter with Passive IMPs 

However, there other even higher power sources of IMPs 
that can fall in-band of the receiver when that guard band 
between the transmitter and receiver is small. With high 
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The suppression of active and passive IMPs is achieved 
by using copies of the signals to be transmitted to generate 
an IMP cancellation signal (ICS) which is input to the 
transmitter and it then cancels the transmitter generated IMP 
and is itself cancelled. 

The digital copies of the signals to be transmitted are 
multiplied together sample by sample in continuous real 
time to create the required IMP cancellation signal. Knowl
edge of the frequencies and bandwidths of the transmitter 

power signals, passive IMPs can be generated in the wave 
guide and antenna components and these can fall in-band of 
the receiver. When the receiver requires high quality sensi
tivity for low level signals, passive IMPs can create prob
lematic interference. FIG. 3 shows the plot of the range of 5 

passive IMPs that can be generated. The high power trans
mitter noise floor can cause OOBE interference in the 
companion receiver where the noise energy can mix with 
signals in the receiver creating more receiver IMPs. This is 
addressed in the receiver section. 10 signals provides the information required to predict the 

active and passive IMPs that will need to be cancelled. This 
is shown in FIG. 1. The passive IMPs that fall within the 
receiver pass band will be cancelled in the receiver using 
copies of the transmitted signals and using the invention 

To determine a reasonable range ofIIP3 values for passive 
IMPs, the Narda West Applications Notes on "Passive 
Intermodulation Distortion in Filters and Ferrites" was used. 
With carrier signals at +44 dBm, the measured passive IMPs 
ranged from -63 to -102 dBc. 

Using the formula for active IMPs, the IIP3 can be 
estimated from: 

IIMP3( dBm)=IPl ( dBm)+2xIP2( dBm)-2xIIP3( dBm): 
In this situation, there is no gain so the IIP3=0IP3. 
The range ofIIP3 values can be computed from the power 

in the IMPs at -63 and -102 dBc; 
44-63 dBm=-19 dBm and 44-102 dBm=-58 dBm 
-19 dBm=3(44 dBm)-2(IIP3)=>IIP3=75 dBm at the low 

range Red Line FIG. 3 (301) 
-58 dBm=3( 44 dBm)-2(IIP3)=>IIP3=95 dBm at the high 

range Blue Line FIG. 3 (302) 
Given these values, FIG. 3 provides a graphical solution 

15 described in patent application Ser. No. 11/851,185, filed 
Sep. 6, 2007, which is now U.S. Patent Publication No. 
2009/0068974 published Mar. 12, 2009. 

It should be noted that the numerical values used in the 
system descriptions below are only for illustrative purposes 

20 and are not to be considered to limit the scope of this 
invention. For each application, the numbers may vary, but 
to one versed in the arts, the numerical values used here for 
descriptive purposes do not detract from the general appli
cations of the invention. 

25 

to the magnitude of the passive IMPs. Note that the hori
zontal axis is the total power of each of two signals gener- 30 

ating the passive IMP. 

FIG. 4 shows the top level transmitter block diagram for 
mitigating transmitter generated IMPs and for other non
linear distortion to be covered later. In this section, the active 
and passive IMP suppression will be covered. FIG. 4 will be 
referenced again when the AM/AM and AM/PM and Side 
Lobe Re-growth Mitigation is covered. 
The Transmitter Active IMP Cancellation 

Passive IMP Measurements 
Given the range of power available in an active 4 carrier 

transmitter, ( 47 dBm) each carrier at 41 dBm, without IMP 
suppression the passive IMPs could range from: 

IMP3=3(41 dBm)-2(75 dBm)=-27 dBm=>low IIP3; 
IMP3=3(41 dBm)-2(95 dBm)=-67 dBm=>high IIP3; 
Given the range of power available in an active 4 carrier 

transmitter, (53 dBm) each carrier at 47 dBm, the passive 
IMPs could range from: 

IMP3=3(47 dBm)-2(75 dBm)=-9 dBm=>low IIP3; 
IMP3=3(47 dBm)-2(95 dBm)=-49 dBm=>high IIP3; 
With 20 dB suppression of the passive IMP in the 

receiver, the range of the passive !MP3 would be -29 
dBm to -69 dBm 

The transmitter Active IMP Cancellation process gener
ates the estimate of the IMP Cancellation Signals (ICS) and 
adds an inverted copy of the ICS to the digital composite of 

35 the signals to be transmitted, prior to the DIA converter. 
When the IMPs are generated in the HPA they cancel and are 
cancelled by the ICS. In FIG. 4, the top level architecture of 
the transmitter with the IMP cancellation process is shown. 

The individual digital signals, 4024, to be transmitted, are 
40 received in block 4023 where they are digitally combined 

and block converted to a digital IF or digitally up converted 
and then combined. In 4022, the ICS signals are created in 
one of two ways. If the transmitter will have only a few 
signals, then the individual signals are digitally multiplied 

45 together to create the ICS signals and these are inverted and 
added to the composite signal ( or phase shifted by 180 
degrees). The IMPs will be on the order of several !Os of 
dBs below the original signals and will not impact the total 
drive level. 

By using clean high resolution copies of the source 
signals from the transmitter and creating the ICS for the 
passive IMPs with greater resolution, it is possible to get a 
cancellation signal accurate to around 6 bits which would 
provide 36 dB suppression of the passive IMPs. This would 50 

result in residual passive IMPs from -45 dBm to -85 dBm. 
For each dB of back off in the transmitter, the 3rd order IMPs 
will drop 3 dB. While in the case of the passive IMPs, some 
back off may be required, it will be far less than without 
passive IMP suppression. 

If there are a large number of small signals creating an 
IMP floor, then the composite digital signal samples from 
4023 are cubed and the result filtered to pass only the signals 
that will be in the passband of the transmitter. The ICS 
signal(s) will be cancelled by IMPs generated in the HPA, 

55 but not perfectly at first. A calibration loop will perform a 
cross correlation of the ICS and the HPAoutput and then the 
phase and amplitude of the ICS(s) is/are adjusted to mini
mize the cross correlation. 

For the high power non-linear case with 20 dB IMP 
suppression, the signal power in the companion receiver 
band would range from -79 dBm to -119 dBm. This is 
assuming only 3 and 1h effective bits in the IMP cancellation 
process. If we assume a signal of interest (SOI) at 2 MHz 60 

bandwidth with a noise figure of 6 dB and a required SINR 
of 6 db, the receiver sensitivity will be -99 dBm. Depending 

This cross correlation process can be used in parallel cells 
to control the ICS signals for multiple IMPs simultaneously 
because all IMPs are uncorrelated even if they are dependent 
(i.e. have a common source signal-this can be proved by 
stochastic analysis). on the range of the passive IMPs, the receiver sensitivity 

could be fully recovered, or at worst case the de-sensitiza
tion of the receiver would be minimized. 

The RF transmitted signal set, with IMPs and ICSs, is 
65 filtered by the transmit filter 4003 and output to the antenna. 

Suppression of Transmitter Generated Active and Passive 
IMPs. 

At the output 4003, a RF coupler, (say 30 dB) samples the 
transmit signal and down converts it coherently (with the 
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mixer 4032) and the sampled signal is then digitally sampled 
in the AID 4031. A medium resolution 8 bit AID samples the 
transmitter output to recover the transmitter signal plus 
residual IMPs and ICSs. This provides 48 dB of instanta
neous dynamic range for recovering the residual IMPs and 5 

ICSs. If they are below this level, they are no longer of 
concern. Note: in most applications, 4 or 5 bits will be more 
than adequate. 

Sometimes, a time correlation aid signal is required to 
align the transmitter signals and the calibration signal from 10 

the signal path 4002, 4031 and 4032. In this case, a tone is 
inserted in the transmitter signal set, (block 4021), to be used 
to align the delayed copy of the transmit signal set from 
4021 and the calibration signal from 4031. 

A circular buffer 4028 provides for macro delay calibra- 15 

tion for the signals paths between the output of 4021 or 4022 
and the output of 4031. This is a calibration to within one 
sample time and final adjustment is done in 4022 to a 
sub-sample time with a simple adaptive 3 tap FIR filter. 

The ICS signal and the output of the transmitter 4031 are 20 

cross correlated and the phase and amplitude of the ICS are 
adjusted in 4022 until the cross correlation in 4027 is at a 
minimum, which is the optimum for the cancellation. 4027 
sends amplitude and phase control signals to 4022. The ICS 
is a four to eight bit signal and if we are accurate to 4 bits, 25 

the IMPs are suppressed by 24 dB. 
The transmit filter will suppress IMPs outside of the 

transmitter passband, but passive IMPs can be generated in 
the wave guide and antenna components and these can fall 

14 
When high power signals are in the passband of the receiver, 
the LNA can generate IMPs as a result of mixing in the 
LNA. In multi-carrier satellite communications systems, 
FDM signals can transmitted to multiple ground terminals 
with varying power levels depending on the GIT of each 
receive terminal. 

A disadvantage terminal will require a high receive signal 
strength to achieve the same signal strength into the receiver 
(receiver sensitivity requirements). If a 60 foot terminal in is 
the same ground foot print as several small terminals around 
6 ft, there will be a 20 dB difference in the receive signal 
strength of each FDM signal. In this case, the large terminal 
could become the disadvantaged terminal due to IMPs as 
shown in FIG. 5. If the target receive signal of the large 
terminal is -65 dBm and for the small terminals they are -45 
dB, the result can be an IMP at -69 dBm as seen by the large 
terminal as referenced to the input of the LNA. 
Receiver Cancellation of Active and Passive IMPs 

The IMP cancellation technology is a digital implemen
tation wherein copies of the signals that generate the IMPs 
are isolated and digitally multiplied together to create a copy 
of the system generated IMP which is then used to cancel 
IMPs in continuous real time. The cancellation signal is 
subtracted from the signal of interest (SOI) and the result is 
cross correlated with the cancellation signal. The phase and 
amplitude of the cancellation signal are adjusted continu-
ously to minimize the cross correlation, thus maximizing the 
cancellation process. 

The IMP cancellation in the transmitter and the receiver 
are fundamentally the same concept, but implemented some
what differently as described in patent application Ser. No. 
11/851,185, filed Sep. 6, 2007, which is now U.S. Patent 
Publication No. 2009/0068974, published Mar. 12, 2009. 

in band of the receiver. The sampled transmit signal from 30 

4031, signal 4030, is sent to the receiver where the high 
power transmit signals are used to generate the passive 
ICS(s) in the same manner as described for the receiver 
IMPs above. There are three basic variations on the process at work 

35 here as shown in FIG. 6. The Transmitter Passive IMP cancellation 
These IMPs are cancelled in the receiver and use the 

copies of the transmitter signal set in data set 4030 as shown 
in FIG. 4 and described in detail in patent application Ser. 
No. 11/851,185, filed Sep. 6, 2007, which is now U.S. Patent 
Publication No. 2009/0068974 published Mar. 12, 2009. 
Receiver IMPs 
Active Receiver IMPs 

When all receiver signals are about the same strength 
(within 6 or so dB), the IMPs will typically not be a problem 
unless there is a very large number of signals, in which case 
an IMP floor can be generated. When there is a significant 
difference in receive signal strengths, the high power signals 
can generate significant IMPs. 

Embodiments of this invention can mitigate individual 
IMPs or an IMP noise floor. In the X-band case, the very 
large terminals can be impacted by signals transmitted from 
the satellite to small terminals. If a 60 foot ground terminal 
is in the same foot print as a 6 foot terminal, the signals can 
be 20 dB higher to achieve the same receive signal strength 

IMPs Generated in the Transmitter Passband 
In 6021/6022, the digital signals are input to the trans

mitter to create a composite digital IF with all of the signals 
to be transmitted. In 6024, copies of the individual signals 

40 are used to generate copies of the IMPs that will be gener
ated in the HPA. These are the ICSs. They are inverted and 
added digitally to the composite transmit signal. In 6025, the 
composite signal is pre-distorted for AM/ AM and AM/PM 
and digitally clipped and filtered to preclude clipping and 

45 side lobe re-growth. At the output of the HPA, a 30 dB or so 
coupler 6028/6029 samples the signal inputs the digital 
signal to 6024 where it is cross correlated with the IMP 
cancellation signals. The phase and amplitude of the IMP 
cancellation signals are adjusted to minimize the correlation. 

50 Passive IMPS Generated in the Wave Guide and Antenna 
that Fall in Band of the Receiver 

At the AID 6029, the digital signal is sent to the receiver 

as shown in FIG. 5 for signals at -65 and -45 dBm where 55 

the IMP is 3 dB below the SOI. 

also. The down converted signal is used to generate IMP 
cancellation signals (from the transmitted signals for the 
passive IMPs) in blocks 6030 and 6031. They are then 
filtered to pass only IMPs within the receiver SOI passband. 

For the case in FIG. 5, the gain is 63 dB and the OIP3 is 
30 dB, so the IIP3 is -33 dBm. For the case of interfering 
signals at -65 dBm, the IIMP3 is (referenced to the input) 

IIMP3=3(-45)-2(-33)=-69 dBm 
Passive IMPs From Transmitter in Receiver Band 

As discussed above, passive IMPs can be as high as -9 
dBm. In this case, they not only create interference of their 
own, but can also generate significant IMPs by mixing with 
other signals in the LNA. 

As shown in FIG. 5, the LNA of a typical SATCOM 
ground terminal will have very high gain and a low IIP3. 

If there are co-site interference signals that can mix with 
the transmitter signals, these are sampled with an onmi 
antenna at the input of the antenna and then processed with 

60 the transmit signals to generate IMP cancellation signals for 
the passive IMPs. The cancellation process is the same a 
described for other IMPs. 

In one embodiment of this invention, selected signals 
from the block 6029 are filtered and multiplied together to 

65 create the ICSs for cancellation of the passive IMPs in block 
6016. The sampled signal from 6029 is filtered with pro
grammable FIR filters to isolate source signals in the trans-
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mit signal that can generate passive IMPs in the transmitter 
chain. These signals are multiplied together sample by 
sample in real and continuous time to create the 1 or more 
ICSs for cancellation of passive IMPs in block 6016. 

16 
above the noise floor in the pass band of the receiver and this 
noise floor signal is then used to cancel the noise floor feed 
through from the transmitter to the receiver. The phase and 
amplitude of this noise floor cancellation signal are then 

5 adjusted as described in block 6034 through 6036 and 6014 
through 6020. 

At the output of the summing block, 6016 the signal is 
sampled (signal 6020) which is input to the complex corr
elator 6017 where it is cross correlated with the ICS signal 
from 6015. The complex correlator 6017 sends control 
signals 6019 and 6018 to 6014 and 6015 to adjust the phase 
and amplitude of the ICSs until the correlations are at a 10 

minimum. When the ICSs and the IMPs cancel each other, 
the cross correlation goes to zero near zero. 
IMPs Generated in the Receiver Analog Components 

The full passband of the receiver is sampled with a 
coupler and an AID at the input to the LNA, at low 15 

resolution, around 4 bits this is done in 6011. The signals 
that generate IMPs in the receiver are digitally filtered and 
used to generate IMP cancellation signals and the IMPs are 
cancelled in 6016. The calibration and adjustment of the 
phase and amplitude ofICSs from 6011 are done in the same 20 

manner as described in blocks 6028 through 6036 and 
blocks 6014 through 6016. 
Transmitter Active IMP Cancellations From Transmitted 
Signals 

In one embodiment of this invention, the signal set (signal 25 

set 6021 and 6022 and these may be any number of signals) 
to be transmitted is input to block 6023 where the signals are 
digitally converted to selected digital IFs. These signals are 
then sent to 6024 where they are multiplied together to 
create ICS signals for later cancellation of IMPs generated 30 

in the HPA. The ICS signals are digitally inverted and 
combined with the transmit signal set in 6024 and the output 
of 6024 is sent to 6025 where the AM/ AM and AM/PM and 
digital signal clipping and side lobe suppression filtering is 
accomplished as described in patent application Ser. No. 35 

10/603,798, filed Jun. 24, 2003. 

Selectable Filters for the HPA Output Sampled Signal 
In one embodiment of this invention, block 6037 in FIG. 

6 consists of a transmitter/receiver selectable filter bank in 
which the selected filters can pass one of three signals, the 
pass band of the transmitter, the pass band of the receiver or 
the combined pass band of the transmitter and the receiver. 
Depending on which of these filters is selected, the sampled 
signal set provides the feedback signals for the active IMP 
cancellation or the passive IMP signals in the receiver. 

If the transmitter pass band is selected, the signal is used 
to calibrate the active IMP cancellation process in the 
transmitter. If the receiver pass band is selected, the signal 
is used to provide passive IMP cancellation signals or the 
transmitter noise floor feed through cancellation signal or 
both. If the transmitter and receiver pass band is selected, 
then both the passive and active IMPs processing can be 
supported simultaneously as well and the transmitter noise 
floor feed through cancellation. 

In different embodiments of this invention, the sampling 
rate of block 6029 is selected to ensure that the sampling rate 
is high enough to satisfy the Nyquist sampling rate for the 
filter selected in block 6037. 
Tables: 

TABLE 1 

The Proposed IMP Mitigate for MILSATCOM Transmitters and 
Receivers is Frequency and Modulation Agnostic and is applicable to 
all of the MILSATCOM and Commercial SATCOM bands of interest 

Ground Terminals 
SHF Band 

C-Band 
X-Band 

Receive Bands (GHz) Transmit Bands (GHZ) In one embodiment of this invention, the combined digital 
signal set from 6023 is up sampled and cubed to create all 
possible 3rd order IMPs in 6024 and the result is filtered to 
pass only those IMPs within the transmitter passband and 
this is a composite ICS signal for all the active transmitter 
IMPs. The composite ICS is then inverted and added to the 
transmit signal set and the result is sent to 6025 and then to 
the HPA 6026. 

40 Ku-Band 

3,400 to 4,200 
7,250 to 7,750 

10,950 to 12,750 
17,700 to 20,200 
20,200 to 21,200 

5,850 to 6,650 
7,900 to 8,400 

13,750 to 14,500 
27,500 to 30,000 
30,000 to 31,000 

Commercial Ka-Band 
Military Ka-Band 

Whereas many alterations and modifications of the pres-

In one embodiment of this invention, the output of the 
HPA signal 6027 is sampled with a coupler 6028 and the 
sampled signal is digitally sampled. The signals that will 
create the passive IMPs have created copies of those same 
IMPs in the HPA and in one embodiment of this invention, 
the passive ICSs are taken directly from 6029 and sent to the 
passive IMP cancellation process in the receiver and the 
phase and amplitude of each of these signals is adjusted in 
the same manner as described above in blocks 6034 through 
6036 and blocks 6014 through 6020. 

45 ent invention will no doubt become apparent to a person of 
ordinary skill in the art after having read the foregoing 
description, it is to be understood that any particular embodi
ment shown and described by way of illustration is in no 
way intended to be considered limiting. Therefore, refer-

50 ences to details of various embodiments are not intended to 
limit the scope of the claims which in themselves recite only 
those features regarded as essential to the invention. 

In one embodiment of this invention, the noise floor of the 55 

HPA mixes with high power signals and creates IMPs. The 
sampled signal from 6029 contains a sample of the noise 
floor. The frequency components of the noise floor that can 
mix with transmitter signals to create IMPs of sufficient 
power to be of concern are computed and the programmable 60 

FIR filters in 6034 are used to isolate the source signals and 
then the process continues as described above for blocks 
6034 through 6036 and 6014 through 6020. 

In one embodiment of this invention, the noise floor of the 
transmitter feeds through to the receiver. This noise floor is 65 

sampled in block 6029. In this embodiment, the sampled 
signal is filtered with notch filters to remove all signals 

The invention claimed is: 
1. A method for performing interference cancellation in a 

receiver, with a transmitter and the receiver being co-located 
with each other, the method comprising: 

generating intermodulation product (IMP) cancellation 
signals (ICSs) to cancel passive IMPs in the receiver, 
continuously and near real time, using copies of trans
mitter signals of the transmitter, wherein the passive 
IMPs are generated in passive transmitter components 
of the transmitter and receiver components of the 
receiver after a high powered amplifier (HPA) and 
transmitter filter of the transmitter, wherein the trans
mitter filter is coupled between the HPA and an antenna 
used by the transmitter, wherein generating the ICSs is 
based on a power series description of a non-linear 
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process for generating the IMPs, and includes gener
ating an n-th order ICS by, given three signals Sl, S2 
and S3, digitally multiplying and filtering SlxSlxS2 
and SlxS2xS2 and S lxS2xS3 and SlxSlxS3 and 

18 
digitally multiplying and filtering an odd number of 

digital signals, up to "n" in number, from the transmit
ter signal set. 

S2xS2xS3 and SlxS3xS3 and S2xS3xS3, where n is 5 

10. The method of claim 4, wherein generating the ICSs 
includes digital multiplication of the transmitter signals in a 
digital domain with a standard compression model of a 
nonlinear device model by convolving a composite trans
mitter signal set with a compression curve function. 

an integer. 
2. The method of claim 1, wherein the copies of the 

transmitter signals used in generating the ICSs are digital 
copies of the transmitter signals. 

3. The method of claim 1, further comprising: 
capturing transmitter signals as analog signals at a trans

mitter output; and 
down-converting and sampling the captured transmitter 

signals to create the copies of transmitter signals used 
in generating the ICSs. 

4. A method for cancelling passive intermodulation prod
ucts (IMPs), comprising: 

11. The method of claim 4, wherein the receiver passband 
10 contains passive IMPs generated after the HPA and trans

mitter filters that fall inband of the receiver, and wherein the 
residual passive IMPs are detected and used to process a 
control signal back in the receiver to adjust a phase and 
amplitude of the digital ICSs to minimize the residual 

15 passive IMPs in the receiver. 
12. The method of claim 4, wherein the ICSs are cross 

correlated with a signal of interest after passive IMP can
cellation to adjust a phase and amplitude of the ICSs to 
minimize residual passive IMPs. 

13. The method of claim 12, wherein a process function 
for adjusting the phase and amplitude of the ICSs is to utilize 
an adjustable finite impulse response filter (FIR). 

generating, with a priori knowledge of a transmitter signal 
set, continuous and real time IMP cancellation signals 20 

(ICSs) in a baseband digital signal set of a receiver 
co-located with a transmitter based on the transmitter 
signal set, wherein digital copies of the transmitter 
signal set are passed to the receiver, the passive IMPs 
are generated in the transmitter and receiver chain after 

14. The method of claim 12, wherein a process function 
for adjusting the phase and amplitude of the ICSs comprises 

25 two concatenated functions, one for phase control and one 
for amplitude control. a high power amplifier (HPA) and transmitter filters of 

the transmitter, wherein the transmitter filters are 
coupled between the HPAand at least one antenna used 

15. The method of claim 4, wherein the passive IMPs are 
cancelled in the co-located receiver by a digital process 
based on a power series description of the non-linear process 

30 in a transmitter hardware chain and is done with one or more 
by the transmitter, and wherein the transmitter filters 
are configured to significantly reduce active IMPs in 
band of a passband of the receiver wherein generating 
the ICSs is based on a power series description of a 
non-linear process for generating the IMPs, and 
includes generating a 3rd order ICS by, given three 
signals Sl, S2 and S3, digitally multiplying and filter- 35 

ing SlxSlxS2 and SlxS2xS2 and SlxS2xS3 and 
SlxSlxS3 and S2xS2xS3 and SlxS3xS3 and S2xS3x 
S3. 

5. The method of claim 4, wherein the power series 
description of the non-linear process includes: 

generating 5th order ICSs by digitally multiplying two or 
three or five signals of the transmitter signal set; 

generating 7th order ICSs by digitally multiplying two or 
three or five or seven signals of the transmitter signal 
set; and 

combining these digital signals with the received base
band digital signals to cancel the passive IMPs. 

40 

45 

ICSs in the receiver, and wherein the nonlinear power 
expansion is represented by a standard nonlinear amplitude 
control function or a compression curve. 

16. A method comprising: 
receiving a digital copy of a transmitter signal at a 

receiver, the receiver co-located with a transmitter that 
generates the transmitter signal; and 

generating digital passive intermodulation product (IMP) 
cancellation signals (ICSs) to digitally, continuously 
and in real time, cancel passive IMPs falling within a 
receiver passband, the passive IMPs being generated 
after a high powered amplifier (HPA) and a transmitter 
filter of the transmitter, wherein the transmitter filter is 
coupled between the HPA and an antenna used by the 
transmitter, wherein generating the ICSs is based on a 
power series description of a non-linear process for 
generating the IMPs, and includes generating an n-th 
order ICS by given three signals Sl, S2 and S3, 
digitally multiplying and filtering SlxSlxS2 and 
SlxS2xS2 and SlxS2xS3 and SlxSlxS3 and S2xS2x 
S3 and SlxS3xS3 and S2xS3xS3, where n is an 
integer. 

17. A method comprising: creating one or more composite 
passive intermodulation product (IMP) cancellation signals 

6. The method of claim 5, wherein the power series 
description of the non-linear process further includes gen
erating even order ICSs by digitally multiplying an even 50 

number of the transmitter digital signals and combining 
these digital signals with the received baseband digital 
signals to cancel the passive IMPs, and wherein the receiver 
passband is far enough separated from the transmitter to 
have even order IMPs fall inband. 55 (ICS s) by digitally multiplying, sample by sample and in 

real and continuous time, a full passband of a composite 
digital transmitter signal set with one or more transmitter 
IMP cancellation signals (ICSs ); and filtering the transmitter 
ICSs to selectively pass ICSs for passive IMP cancellation 

7. The method of claim 5, wherein generating the 5th 
order ICSs comprises: 

given up to a set of 5 signals, Sl, S2, S3, S4, and S5, 
digitally multiplying and filtering different combina
tions of up to the 5 signals. 

8. The method of claim 5, wherein generating the 7th 
order ICSs comprises: 

given up to a set of 7 signals, Sl, S2, S3, S4, S5, S6, and 
S7, digitally multiplying and filtering different combi
nations of up to the 7 signals. 

9. The method of claim 4, wherein generating the odd 
order ICSs comprises: 

60 in a receiver, the receiver co-located with a transmitter, the 
passive IMP cancellation to cancel passive IMPs generated 
after a high powered amplifier (HPA) and a transmitter filter 
of the transmitter, wherein the transmitter filter is coupled 
between the HPA and an antenna used by the transmitter, 

65 wherein generating the ICSs is based on a power series 
description of a non-linear process for generating the IMPs, 
and includes generating an n-th order ICS by, given three 
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signals Sl, S2 and S3, digitally multiplying and filtering 
SlxSlxS2 and SlxS2xS2 and SlxS2xS3 and SlxSlxS3 
and S2xS2xS3 and SlxS3xS3 and S2xS3xS3, where n is an 
integer. 

18. The method of claim 17, wherein source signals that 5 

create the passive IMPs are digitally combined into a 
combined signal, and the combined signal is convolved with 
a standard nonlinear compression curve to create the ICSs. 

19. The method of claim 17, wherein individual digital 
baseband ICSs are each individually adjusted in phase and 10 

amplitude to minimize a cross correlation between residual 
passive IMPs generated in analog transmitter components, 
and wherein the ICS s are further generated from a selected 
set of signals from the composite digital transmitter signal 
set. 

20. The method of claim 19, wherein in the ICSs are 
converted to analog signals and used to cancel passive IMPs 
in the analog domain. 

21. An apparatus comprising: 
a transmitter; 
a receiver co-located with the transmitter; and 
circuitry to perform interference cancellation m the 

receiver, the circuitry configured to: 

15 

20 

20 
passband of the receiver, wherein the circuitry is 
further configured to generate the ICSs based on a 
power series description of a non-linear process for 
generating the IMPs, and the circuitry is operable to 
generate a 3rd order ICS by, given three signals Sl, 
S2 and S3, digitally multiplying and filtering 
SlxSlxS2 and SlxS2xS2 and SlxS2xS3 and 
SlxSlxS3 and S2xS2xS3 and SlxS3xS3 and 
S2xS3xS3. 

25. The apparatus of claim 24, wherein the power series 
description of the non-linear process includes: 

generating 5th order ICSs by digitally multiplying two or 
three or five signals of the transmitter signal set; 

generating 7th order ICSs by digitally multiplying two or 
three or five or seven signals of the transmitter signal 
set; and 

combining these digital signals with the received base
band digital signals to cancel the passive IMPs. 

26. The apparatus of claim 25, wherein the power series 
description of the non-linear process further includes gen
erating even order ICSs by digitally multiplying an even 
number of the transmitter digital signals and combining 
these digital signals with the received baseband digital 

25 signals to cancel the passive IMPs, wherein the receiver 
passband is far enough separated from the transmitter to 
have even order IMPs fall inband. 

generate intermodulation product (IMP) cancellation 
signals (ICSs) to cancel passive IMPs in the receiver, 
continuously and near real time, using copies of 
transmitter signals, wherein the passive IMPs are 
generated in passive transmitter and receiver com
ponents after a high powered amplifier (HPA) and 
transmitter filter, wherein the transmitter filter is 30 

coupled between the HPA and an antenna used by the 
transmitter, wherein the circuitry is further config
ured to generate the ICSs based on a power series 
description of a non-linear process for generating the 
IMPs, and is operable to generate an n-th order ICS 35 

by, given three signals Sl, S2 and S3, digitally 
multiplying and filtering SlxSlxS2 and SlxS2xS2 
and SlxS2xS3 and SlxSlxS3 and S2xS2xS3 and 
SlxS3xS3 and S2xS3xS3, where n is an integer. 

27. The apparatus of claim 25, wherein, given up to a set 
of 5 signals, Sl, S2, S3, S4, and S5, the circuitry is further 
configured to: 

generate the 5th order ICS s by digitally multiplying and 
filtering different combinations of up to the 5 signals. 

28. The apparatus of claim 25, wherein, given up to a set 
of 7 signals, Sl, S2, S3, S4, S5, S6, and S7, the circuitry is 
further configured to: 

generate the 7th order ICS s by digitally multiplying and 
filtering different combinations of up to the 7 signals to 
selectively create the 7th order ICSs. 

22. The apparatus of claim 21, wherein the copies of the 
transmitter signals used in generating the ICSs are digital 
copies of the transmitter signals. 

29. The apparatus of claim 23, wherein the circuitry is 
40 further configured to: 

23. The apparatus of claim 21, wherein the circuitry is 
further configured to: 

capture transmitter signals as analog signals at a trans- 45 

mitter output; and 
down-convert and sample the captured transmitter signals 

to create the copies of transmitter signals used in 
generating the ICSs. 

24. An apparatus comprising: 
a transmitter; 
a receiver co-located with the transmitter; and 

50 

generate the odd order ICSs by digitally multiplying an 
odd number of digital signals, up to "n" in number, 
from the transmitter signal set; and 

filter the results to selectively create nth odd order active 
ICSs. 

30. The apparatus of claim 24, wherein the circuitry is 
further configured to: 

generate the ICS s via digital multiplication of the trans
mitter signals in a digital domain with a standard 
compression model of a nonlinear device model by 
convolving a composite transmitter signal set with a 
compression curve function. 

31. The apparatus of claim 24, wherein the receiver 
passband contains passive IMPs generated after the HPA and 

circuitry to cancel passive intermodulation products 
(IMPs) in the co-located receiver, the circuitry config
ured to: 55 transmitter filters that fall inband of the receiver, and 

wherein the residual passive IMPs are detected and used to 
process a control signal back in the receiver to adjust a phase 
and amplitude of the digital ICSs to minimize the residual 

generate, with a priori knowledge of a transmitter 
signal set, continuous and real time IMP cancellation 
signals (ICSs) in a baseband digital signal set of the 
co-located receiver based on the transmitter signal 
set, wherein digital copies of the transmitter signal 60 

set are passed to the receiver, the passive IMPs are 
generated in the transmitter and receiver chain after 
a high power amplifier (HPA) and transmitter filters, 
wherein the transmitter filters are coupled between 
the HPA and at least one antenna used by the 65 

transmitter, and the transmitter filters are configured 
to significantly reduce active IMPs in band of a 

passive IMPs in the receiver. 
32. The apparatus of claim 24, wherein the circuitry is 

further configured to: 
cross correlate ICSs with a signal of interest after passive 

IMP cancellation to adjust a phase and amplitude of the 
ICSs to minimize residual passive IMPs. 

33. The apparatus of claim 32, further comprising: 
a finite impulse response filter (FIR) to adjust the phase 

and amplitude of the ICSs. 
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34. The apparatus of claim 32, wherein a process function 
for adjusting the phase and amplitude of the ICSs comprises 
two concatenated functions, one for phase control and one 
for amplitude control. 

22 
ing, sample by sample and in real and continuous time, a full 
passband of a composite digital transmitter signal set with 
one or more transmitter IMP cancellation signals (ICSs ); and 
filter the transmitter ICSs to selectively pass ICSs for 

35. The apparatus of claim 24, wherein the passive IMPs 
are cancelled in the co-located receiver by a digital process 
based on a power series description of the non-linear process 
in a transmitter hardware chain and is done with one or more 
ICSs in the receiver, and wherein the nonlinear power 
expansion is represented by a standard nonlinear amplitude 
control function or a compression curve. 

5 passive IMP cancellation in a co-located receiver, the pas
sive IMP cancellation to cancel passive IMPs generated after 
a high powered amplifier (HPA) and a transmitter filter of 
the transmitter, wherein the transmitter filter is coupled 
between the HPA and an antenna used by the transmitter, 

10 wherein the ICSs are generated based on a power series 
description of a non-linear process for generating the IMPs, 
and a 3rd order ICS is generated by, given three signals Sl, 
S2 and S3, digitally multiplying and filtering SlxSlxS2 and 

36. An apparatus comprising: 
a transmitter; 
a co-located receiver; and 
circuitry configured to: 

receive a digital copy of a transmitter signal at the 
co-located receiver; and 

15 
SlxS2xS2 and SlxS2xS3 and SlxSlxS3 and S2xS2xS3 
and SlxS3xS3 and S2xS3xS3. 

generate digital passive intermodulation product (IMP) 
cancellation signals (ICSs) to digitally, continuously 
and in real time, cancel passive IMPs falling within 20 

a receiver passband, the passive IMPs being gener
ated after a high powered amplifier (HPA) and a 
transmitter filter of the transmitter, wherein the trans
mitter filter is coupled between the HPA and an 
antenna used by the transmitter, wherein the ICSs are 25 

generated based on a power series description of a 
non-linear process for generating the IMPs, and an 
n-th order ICS is generated by, given three signals 
Sl, S2 and S3, digitally multiplying and filtering 
SlxSlxS2 and SlxS2xS2 and SlxS2xS3 and 30 

SlxSlxS3 and S2xS2xS3 and SlxS3xS3 and 
S2xS3xS3, where n is an integer. 

37. An apparatus comprising: a transmitter; a receiver 
co-located with the transmitter; and circuitry configured to: 
create one or more composite passive intermodulation prod- 35 

uct (IMP) cancellation signals (ICSs) by digitally multiply-

38. The apparatus of claim 37, wherein the circuitry is 
further configured to: 

digitally combine source signals that create the passive 
IMPs into a combined signal, wherein the combined 
signal is convolved with a standard nonlinear compres
sion curve to create the ICSs. 

39. The apparatus of claim 37, wherein the circuitry is 
further configured to: 

individually adjust, in phase and amplitude, each digital 
baseband ICSs to minimize a cross correlation between 
residual passive IMPs generated in analog transmitter 
components, wherein the ICS s are further generated 
from a selected set of signals from the composite digital 
transmitter signal set. 

40. The apparatus of claim 39, wherein the circuitry is 
further configured to: 

convert the ICSs back to analog; and 
cancel the passive IMPs in the analog domain with the 

converted ICSs. 

* * * * * 
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