WO 99/ 33167

PCT/ US98/-16657 FEED FORWARD AMPLI FI ER W TH DI A TAL

| NTERMODULATI ON CONTROL Field of the

I nventi on The present invention rel ates genlei_dl% f eed
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RF power amplifiers are used in a wide variety of communications
and other electronic applications. These amplifiers are made up of one

15 or more cascaded amplifier stages, each of which increases the level of
the signal applied to the input of that stage by an amount known as a
cascade gain. ldeally, the input-to-output transfer of each stage is linear;
a perfect replica of the input signal, increased in amplitude, appears at
the amplifier output. In reality, however, all RF power amplifiers have a

20 degree of non-linearity in their transfer characteristic. This non-linearity
results in the distortion of the output signal so that it is no longer a perfect
replica of the input. This distortion produces spurious signal components
known as intermodulation (IM) products. intermodulation products are
undesirable because the cause interference cross-talk, and other

25 deleterious effects on the performance of a system employing RF power
amplifiers. Accordingly, the prior art reflects various methods and
devices designed to reduce the distortion produced during RF power
amplifier operation. Two methods commonly suggested are predistortion
and feed forward.

30 Predistortion utilizes an auxiliary distortion source which produces
an auxiliary distortion signal similar to the distortion generated by a
power amplifier. The auxiliary distortion signal is added to the power
amplifier input in the correct gain and phase to promote cancellation of
the distortion at the output of the power amplifier. This method requires
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the power amplifier, in an attempt to produce an amplified output signal
which is free of distortion. In essence, the error components which are
15 created by the power amplifier are subsequently subtracted out of the
amplified signal. The amount of distortion reduction available using feed
forward technology is limited by the accuracy of gain and phase
adjustments of the error signal. Prior art feed forward amplifiers have
attempted to increase the accuracy of the gain and phase adjustments by
20 injecting a test signal, or pilot, into the main signal. The test signal is then
utilized to adjust the gain and phase of the error cancellation signal. The
problem with utilizing a pilot tone for controlling the gain and phase of the
error signal is that the addition of a pilot tone generator adds appreciable
cost, board space, and isolation requirements to any feed forward
25 amplifier.

Typical prior art feed forward amplifiers implement distortion
minimization circuits which provide continuous, and substantially
accurate, gain and phase adjustments. Feed forward amplifier accuracy
over a wide range of frequencies and amplitudes results from utilizing

30 both carrier and intermodulation cancellation, controlled by the detection
of the total power of the intermodulation distortion via an intermodulation
controller, rather than by an injected pilot tone. Although this circuitry
provides a substantial improvement over other prior art feed forward
circuits, it utilizes bulky RF hardware in its intermodulation controller.

35 Such bulky RF hardware may include delay lines and couplers
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15
Briet Description of the Drawings

FiG. 1 is a prior-art feed forward amplifier.
FIG. 2 is a block diagram of feed forward amplifier in accordance
20 with the preferred embodiment of the present invention.
FIG. 3 is a block diagram of the digital IM controller illustrated in
FIG. 2, in accordance with the preferred embodiment of the present
invention.
FIG. 4 is a fiow chart illustrating those steps necessary for
25 generating a phase adjuster input and a gain adjuster input to a feed
forward amplifier by the digital IM controller of FIG. 3 in accordance with
the preferred embodiment of the present invention.



tighter specification tolerance, utilization of a digital signal processor
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necessary f ofoBRosite signal,ang, o [piarnce THaq ﬁg?xarsﬁ"ﬁgut 8n'§%Y ' Y%adj ust er
i nput to a fawglifier recdgivasndhe analpgf cempbsite rsignklgiand! producest ol | er of
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' nventl % signal sample. The down-converter mixes the amplified analog
composite signal sample in a mixer with the reference frequency signal to
produce an adjusted amplified analog composite signal sample and then
converts an adjusted amplified analog composite sighal sample to a
second digital input via an analog-to-digital converter. A digital
15 intermodulation controller receives first digital input and second digital
input 226 and generates a phase and gain adjuster input for adjusting
the feed forward amplifier.
The present invention encompasses a method for providing digital
intermodulation control to a feed forward amplifier, the feed forward
20 amplifier including an amplifier signal path and a feed forward signal
path. The method includes the steps of receiving a first digital input at an
up-converter and a digital IM controller, converting the first digital input to
an analog composite signal in the up-converter, and amplifying the
analog composite signal in the amplifier signal path to produce an
25 amplified analog signal composed of carrier and error components. The
method further includes gain and phase adjusting a sample of the
analog composite signal in a first gain and phase adjuster to form a feed
forward signal and then combining the feed forward signal with a sample
of the amplified analog signal sample in a directional coupler to form an
30 error signal. Additionally, the method includes gain and phase adjusting
the error signal in a second gain and phase adjuster to form an adjusted
error signal, amplifying the adjusted error signal to produce an amplified
error signal composed of error components, and subtracting the amplified
error signal from the amplified analog signal in a second directional
35 coupler to produce an amplified analog composite signal. Finally, the
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and subtractjggalt he teEP|pole? ddetector for converting the power level of the
20 subtractor output to a digital value, and finally an intermodulation
cancellation controller for receiving the indicator signal, comparing the
digital value to a previous digital value generated by the total power
detector to form a comparison value, and generating a phase and gain
adjuster input in response to the comparison value.
25 The present invention additionally encompasses a method for
generating a phase adjuster input and a gain adjuster input to a feed
forward amplifier. The method includes the steps of receiving, at an
adaptive FIR filter, a first digital input composed of a plurality of summed
ideal digital signals, adjusting, by the adaptive FIR filter, an amplitude
30 and frequency response of the first digital input in response to a plurality
of multiple tap inputs to form an aligned first digital signal. The method
further includes receiving, at a subtractor, the aligned first digital signal
and a second digital input composed of a plurality of summed real digital
signals including error components, subtracting, in the subtractor, the
35 aligned first digital signal from the second digital input to form a
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Referring to FIG. 1, there is shown a feed forward amplifier circuit
15 100 in block diagram form. An analog composite signal 140, which may
include more than one RF carrier, is routed by a directional coupler 101,
causing analog composite signal 140 to be directed to two signal paths.
The two signal paths, an amplifier signal path 150 and a feed forward
signal path 160, generally comprise well known components of a feed
20 forward amplifier. In amplifier signal path 150, analog composite signal
140 is amplified in a main amplifier 102 and directed to main ampiifier
path output as an amplified analog composite signal 147 through a
directional coupler 103, a delay 104, and directional couplers 105 and
106. As previously mentioned, the non-linearity of main amplifier 102
25 may result in distortion and intermodulation, or error components being
introduced into the signal appearing at the input of directional coupler
103 Accordingly, an amplified analog signal 118 appearing at the output
of directional coupler 103 will be characterized by carrier components
and error components. The distortion generated by main amplifier 102 is
30 the source of these error components which are subsequently canceled
by the feed forward signal path using an output from the feed forward
signal path 160.
The other signal path, feed forward signal path 160, functions to
recreate the error components introduced by amplifier signal path 150. In
35 this effort, a sample of analog composite signal 140 coupled off by
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119, thereby isolating the distortion. The resulting signal, generally
15 designated as an error signal 116 will be characterized by error
components. Accordingly, error signal 116 appearing at the output of
directional coupler 109 is representative of the distortion and
intermodulation components introduced by main amplifier 102. This
process is often referred to as carrier cancellation.
20 Thereatter, the amplitude and phase of error signal 116 is modified
by a second gain and phase adjuster 110, amplified in an error amplifier
111, resulting in an amplified error signal 123. In addition, error amplifier
111 produces a error signal sample 133 suitable for receipt by a detector
113 (discussed below). Amplified error signal 123 is routed to a
25 directional coupler 105 where it is subtracted from amplified analog
signal 118 via directional coupler 105 and delay circuit 104. The time
delay of delay circuit 104 is set to compensate for the signal delay
_introduced by directional coupler 109, second phase and gain adjuster
110, and error amplifier 111. If the amplitude and the phase of error
30 signal 116 Is properly adjusted by second gain and phase adjuster 110,
the error components of the main signal path will be canceled, resulting
in a “clean” amplified analog composite signal 147 appearing at the main
amplifier path output.
In order to achieve maximum error component removal, first gain
35 and phase adjuster 108 must be controlled to produce a clean error
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I nput I n response to the conparison value, controlling a gain and a .
phase of an error signal in a feed forward anplifier.
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and error caemoosigrad 116he representativen of threcerndrecbriponentsh irtrgducéd &y 102 is 30
the source Qfaih iffeF 486, conponent s whi ch are subsequently cancel ed
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path 160, f U8t iRetectoo113 may beeaRGcarrehtdetector thaidetevts1DC curemtduced by
anplifier sigagh bgaérkbr%nﬁbmi%ﬁ Thécarrshf Galvn By &ddPaRpiieraial RU conposite
signal 140 Cao%lcﬁon 8 -tfheba}/mount of radio frequency (RF) energy entering the error )
amplifier 111 and is proportional to the total carrier energy within the
15 error signal's passband. The greater the RF energy entering error
amplifier 111, the larger the amount of current drawn by that amplifier
during operation. When the detected DC current indicates sufficient
carrier energy within error signal sample 133, detector 113 provides an
indication to controller 112. In response to the indication, controller 112
20 modifies the amplitude and phase parameters of gain and phase adjuster
108 via control lines 120 and 121, thereby adjusting the ampilitude and
phase of signals' in the feed forward signal path to improve carrier
cancellation at the output of directional coupler 109. Similarly, detector
113 may be implemented as an RF voltage detector that detects levels of
25 RF voltage sampled from the input or output of error amplifier 111.
An intermodulation cancellation circuit employing error amplifier
111, directional couplers 105 and 106, an IM controller 114, and second
gain and phase adjuster 110 is also utilized to provide maximum
distortion cancellation by monitoring the intermodulation performance of
30 the feed forward circuit. The intermodulation circuit also provides
dynamic control of second gain and phase adjuster 110 via control lines
124 and 125 in response thereto.
During operation, the amplitude and phase of error signal 116 is
modified by second gain and phase adjuster 110, amplified by error
35 amplifier 111, and routed to directional coupler 105 where it is subtracted



»7- directional coupler 101 is delayed in a delay circuit 107, then

gai n and. phase adjusted in a first gain and phase adjuster 108 w t hout
appreci abl e distortion being introduced. The tine delay of a delay circuit
107 !s_set,%gglﬁgg;nsate_for the signal delay introduced lotv16697
anplifier 1 ddi recti onal coupl er 103. At the output of
main anplifier 102, a sanple of the distorted anplified anal og signal
herein referred to as anplified anal og si gnal sanpl e 127 (having an
error conponent) is coupled down to dffectional coupler 109 via

directional coupler 103 where it is reconbined 180 10 degrees out of
phase with draeaqmplifiedeansleg gigag! 119 via direetionahspuplatd0dnip order ta he phase
oL feeddfOr;/b@h%véiéj'mlco“rﬂ&ri@wlﬁ@ﬁﬁéhtpliﬂdﬂ lh?i]:aﬁﬂ_; bﬁmgbéisé s@ﬂi«hﬂ 13nd |'

ase adj us Ler. : i &i . i gna
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119, t her ebycampasite; signalni7ghereln designatpdeas amplifiech @nalogneempesiteeral |y 15
desi gnat tsd asigral sz_rmplle $26) i bodgied vdldwn Kfrors hilreetibsali e@:btﬁywsrmd f
conponent s. i . p&f’ﬁ5 0
di recti onal @gﬁeq f§rI'ﬂggéntlr@fe;rgﬁr«%s%%ggt}:ég, _%f eﬁ 3? at%%'ropi g?\'%géglw
i nt er modul at$8mRlc 4P IR rlayed oY Ry Srewhild Sadpd; thea, ropded topi
process is oddntmlieet bt.r HFdhe ampiitudarandephasencfedrrartsignal 116 is properly
Thereaf e ddjGer3AP I dAfodi) ROSAR defect o EiskfRln ibilisa Bilidg

by a sec¢qnd ase adj uster 0, 1T1ed n erroy anplifier
111, regﬁl ti P?ﬁ%%ﬁﬁfﬁﬂd&? erCor %iaﬁfaﬁgﬁzéﬂﬁ?ﬂ CRIBPIStEn SiaRal or
anplifier sampléli2®riesueasr xompanents gfcsufficient| enargg, doivewéd, elM or recei pt
by a det ect ofontrolier 134 Wil foaifty #5 dripflued)and’PRise’ prmdtdreof $b 123 is
routed to a 25 dér ctional tco gber.lOS V\@e‘ge |;‘ S S Bééagiee rom
anplified an$®Bgnc P as§isijﬁ§terlg Vi GPPYEY INSital zéoeﬂﬁ] 1588 del ay
circuit 104.adiusting the amplitudgcand,/plaasejef ampplified: arrer signali 123 ta drive conpensat e

for the (3 gnie drtcition of amplifedOaHAIBg BOMPLSIRC sighaR!safp! 26 1% second
phase and gajin 1g’il‘gjn_gster 110, and error anplifier 111. If the

anpl i tude an iqi hase of error 30 signal 116 is properly adjusted by
second gai n and phasdeserjbes efeet oforward amh'tﬂeértqfﬁu'boﬁrggné%ﬁ@%}d% the main

si gnal path mprovémengiir tHeephase anltit gl adjustmeht ofah Gdrsngigmdlithid i ed anal og
conposite si %@ﬁl foMZroan@ﬁQf bgﬁ’\. atAt&\Qﬁgﬂ%g improvement is substantial, it
20 does not fully address cancellation of possible residual carrier
. components appsearing at the input of IM controller 114, The possible
residual carrier components resulting from the distorted frequency
response of main amplifier 102 may interfere with the ability of IM
controller 114 to accurately detect residual error components. The
25 compromised ability of IM controller 114 to detsct residual error
components may then result in a degradation of control to phase and
gain adjustments of the error signal in a feed forward signal path.

Referring to FIG. 2, there is shown in a block diagram,- a preferred
30 embodiment of the feed forward ampilifier circuit, according to the present
invention. Similar to the feed forward amplifier depicted in FIG. 1, the
preferred embodiment of the feed forward amplifier circuit includes
amplifier signal path 150 and feed forward signal path 160. Whenever
possible, like components in each path are made from the same material,

35 and preferably on the same board in a single board amplifier.



anplifier path output. In order to achieve maxi num error
conponent renoval, first gain 35 and phase adjuster 108 nust be
controlled to produce a clean error

- 8- Si i.e. one that is substantially repreg of the
di stortion vg'9gk‘;}:’c"ieated by main anplifier 102. A feedback S?Q%%%é é?nm oyi ng
error anplifier 111, detector 113, controller 112 and first phase and
gain adjuster 108 is utilized to reduce the carrier-to-distortion
ratio of error 5 signal 116. The feliback circuit nonitors the
performance of the carrier cancel I ati on and then provides dynam c

adj ust ment vi a coferisevigent, FIG; g additionplly comprises asnep-genvenenj2ider 108 in
order to subshdniideWnycarveree 230at Further, @ dightalssignal apgéadry mepnesentative

f th
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113. Det ect 021 f13F'ﬁ‘i§ igital jnpyat %m FRPrasentrlive of gop ”Eﬁi‘ﬁé ssUD@E‘!lrrent
drawn by &rr (bdeairdigmai signals MhicH laee taibe subsedjuantly shifted viar umophveieer 111 is

Bl Fier 111 b HRMEE 18Gquory), ks SR coriEihed Mo Sliitiefin 17 PILOT
error si gnal BEEH'Q aﬁ'ﬂ%t?‘ fé%\taé’ld tﬁ'ﬂ§ %ﬁ%ﬁ?‘ﬁy"‘@ﬁt 'ﬁ%"éﬁﬂb

anmplifier 111>,utpuie In thegprefartes embodmeof fiestrdigital ingut @8 iy ptdvidedaby | fier
during operaty fansiitap cbﬁﬁlﬁé?t&ﬁ& E{HoPQm&kH)r Sﬂf nig Zdb&%tr@ﬁdéa‘fﬂ Shf
carrier ﬁer%yﬁ %fhthlnrerr E‘ﬁ vé%_g‘p A t ect l+1ﬁ fpg des an
i ndi cat i o lﬁriﬂul%?‘ ¥ dRon 69‘?%!‘9 ABi&RING A@roller 1
12 20 nodi fdopwpasite sigpal tsaﬂwl%m&ﬁ)rfm diractionale coupler g#06, downphase
adj uster converter 230 provides a second digital input 226 to IM controller 214,
Down-converter 230 includes an analog-to-digital converter 215 and a
first mixer 216. First mixer 216 operates to down-shift the frequency of
15 amplified analog composite signal sample 126 to produce an adjusted
composite analog signal sample 128 such that its frequency is suitable
for input to digital IM controller 214. Further, analog-to-digital converter
215 converts adjusted composite analog signal sample 128 to a small
amplitude digital signal stream appearing as second digital input 226 to
20 digital IM controller 214. Second digital input 226 is representative of a
plurality of summed real digital sighals resulting from a low power sample
of amplified analog composite signal 147 appearing at the main amplifier
path output.
Additionally, first digital input 218 is converted to an analog signal
25 and frequency shifted by up-converter 219. Up-converter 219 includes a
digital-to-analog converter 212 which converts first digital input 218 to an
analog signal 231, a second mixer 213, a splitter 220, and a local
oscillator 217. Local oscillator 217 generates a reference frequency
signal 221, which when mixed via second mixer 213 with analog signal
30 231, produces an analog composite input signal 140 suitable for receipt
by main amplifier 102. In addition to providing reference frequency
signal 221 to second mixer 213, splitter 220 provides reference
frequency signal 221 to first mixer 216. This ensures that second digital
input 226 is at the same frequency as first digital input 218 as is required
35 for proper functioning of digital IM controller 214.



308 via control lines 120 and 121, thereby adjusting the anplitude and
phase of .signals in the feed forward signal path to inprove carrier
cancel lation at the output of directional coupler 109. Simlarly, detector

113 may be inplenented as an RF voltage detector that dete of 25
RF vol t age ?ﬁ%’ 2¥7from t he | nput or output of error arrpliH:'glg"lw%)ll'%5'§

An internodul ation cancellation circuit enploying error anplifier

111, directional couplers 105 and 106, an IMcontroller 114, and second
gain and phase adjuster 110 is also ut}l+dzed to provide maxi num

di stortion cancellation by nonitoring the internodul ati on performance of 30
the feed forward Abrdisgussed TihecanmnestiondMithatil@n 2¢i firstidigital Sopyt @1Bdes
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and phase adjnyteamaris®s q@nian qomreneptser Convegsely, sgaondrdigital input 226and r out ed
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si gnal 147. additiompfpiEaicomponemsm dhearetieallynall ghtha euer spmpansatepl e of
anmpl i fi ed anakr@then removeds tensiquente b fedibforivardlamplifiert epbratomnp! i fi ed

Sy orSpE° e cean, SRR & 1 S B g0 it one
anal og cbfiposignal is produpgeha| Althayohsthadnaipaly ef the aEPLgomPPReMts ares, and
t hen rout ed trembivkd, in realitpt a Gtealraridldg signdl liecladipyi carder sochpohaats of error
signal 116 i $ar RiaY error components is produced at the output of directional
coupler 105. According to a preferred embodiment of the present
invention, reduction of residual error components is accomplished in the
15 digital domain through the use of a digitally enabied IM controller such as
digital IM controller 214. The resulting gain and phase manipulation of
error signal 116 via a gain adjuster input 224 and a phase adjuster input
225 to second gain and phase adjuster 110 is accomplished as a result
of a measure of the difference between first digital signal 218 and second
20 digital signal 226 by digital IM controller 214 (discussed below).

Digital IM controller 214 is constructed as shown in FIG. 3. Digital
IM controller 214 includes an adaptive finite impulse response (FIR) filter
310 for receiving first digital input 218, a carrier cancellation controller
25 308, a subtractor 306, a total power detector 304 and an IM cancellation
controller 302 for providing gain and phase adjuster inputs (224, 225) to
second gain and phase adjuster 110,
Adaptive FiR filter 310 operates to align first digital input 218 with
second digital input 226, the operation and construction of adaptive filters
30 being well known in the art. The alignment is accomplished via delaying
and then adjusting the amplitude and frequency response of first digital
signal 218 based on multiple tap inputs 315 (discussed below) received
from carrier cancellation controller 308. A resulting aligned first digital
signal 311 from adaptive FIR filter 310 is subtracted from second digital
35 input 226 in subtractor 3086, yielding a subtractor output 313.



adjusted, IMcontroller 114 will detect no distortion in anplified anal og
10 conposite signal sanple 126. |If anplified anal og conposi te SI gnal
sanpl e 126 has error conponents of sufficient energy, however,

controller_114 will nodify the anplitude and phase para econd
gain and p‘P{8§ZF’3d&J uster 110, via control |ines 124 and T%ﬁi}%ﬁlg&gﬁ

adj usting the anplitude and phase of anplified error signal 123 to drive 15
the distortion of anplified anal og conposite signal sanple 126 to a
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308 then adjusts multiple tap inputs 315 so as to minimize this correlation
15  at each of the delay values associated with the taps in adaptive filter 310.
This iterative feedback technique removes subsequent residual carrier
components appearing in subtractor output 313 as aligned first digital
input 311 and second digital signal 226 become substantially identical in
frequency response gain, phase and delay. In addition, carrier
20 cancellation circuit 308, upon noting that correlation calculations used to
adjust multiple tap inputs 315 yield values that are below some
predetermined threshold, provides an indicator signal 321 to IM
canceliation controller 302 (discussed below). Carrier cancelliation
controller 308 may be implemented via a digital signal processor or

25 custom integrated circuit.
In addition to providing input to carrier cancellation controller 308,
subtractor output 313 provides input to total power detector 304.
Subtractor output 313 appears at the input of total power detector 304 as
a digital distortion signal representative of the residual error components
30 present in second digital input 226. Total power detector 304 is a digital
detection envelope function provided by a multiplier to muitiply subtractor
output 313 by its complex conjugate, and a low pass digital filter. Tota!
power detector 304 provides an averaging function, which yields a digital
value 318, representative of the power of the residual error components
35 present in second digital input 226, Digital value 316 may be formed




»10- As is evident, FIG 2 additionally conprises an

up-converter 219, and a down-converter 230. Further, a digital signal
appearing at the i nput of up-converter 219 provides a first digital

i nput 218 troller 214. First digital input

repr esent at‘%@m 9721 plurality of summed 5 | deal di gi taI?PH;{dgssﬁa 6§S7mh| ch
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IM cancellation controller 302 operates as follows. Upon receipt of

20 a suitable indicator signal 321 from carrier cancellation controller 308, IM
canceliation controller 302 begins its IM canceliation process. First,
digital value 316 is measured after waiting for a period of time at least
equal to the averaging interval used in total power detector 304. A small
change, dV, is then temporarily made to gain adjuster input 224. After

25 again waiting for the averaging process in total power detector 304 to
complete, digital value 316 is re-measured, forming a new level. If this

new level is significantly lower than the previous level, then gain adjuster

input 224 is changed by Q*dV, where Q is some number between 0 and

1. If this new level is significantly higher than the previous level, then gain

30 adjuster input 224 is changed by -Q*dV. If this new level is not
significantly different from the previous level, then gain adjuster input 224

is not changed. The IM canceliation process is then repeated using
phase adjuster input 225 instead of gain adjuster input 224, The entire

cycle of adjusting gain adjuster input 224 and. phase adjuster input 225 to

35 second gain and phase adjuster 110 is then repeated continuously. The



sigmal 221 to second m xer 213, splitter 220 provides reference

frequency signal 221 to first m xer 216. This ensures that second dirgital .
input 226 is at the sane frequency as first digital input 218 as is
required 35 for proper functioning of digital I M cont roI I er 214,

-11- WO 957331675 dj scussed in connection with FIG 2. ¢ F%S(w?ﬁ"gl t al

| nput 218 represents a plurality of sumred i deal dlgltal si gnal s whi ch
have not been anplified by nmain anplifier 102 and therefore are
"ideal" in that it only conpriset4€arrier conponents. Conversely,

second digital input 226 5 represents a plurality of digital signals
whi ch have hedjustingrsubsbqubritly affects ampm‘iw analeg gompositalsigial sdmpié by nain

anplifier 1 L dd& t| on of error conponents.
Theoreti cal | 01?26 &fme?éfgﬁgééebrrorg%%' onen are then renoved as a
consequence of feed forward anplifier operation. and a cl ean

distortionl ess (iFl@. 4nds ea rflow ashapoiillesstrating dthpse fsteps megessaryO for signal is
produced A'émmqgt@g aausﬁér@Lplﬁ'aﬁ A% §éih aBRIERRIASN 22! 925 10 5 fOMTOVEC,

0oL EY, oo v Areile P e ARt O ool B P b

coupl er 105. aobondamtengtftihea:rgﬁeufedrerﬁnbdmboﬂmfrtbatpraﬁem lireveption e Mhe
i nvention, 139&%%% aeétbatﬁ vﬁ(e?@radﬁ?mmtfﬁel‘ %19%@5%&55} in the 15
digital domai.n. 0 VQ\ ? afg% E con q er such as
i i tal | v CURESIPR 218 o Rcodtnthed of 2 Blraling AfSiAmes Hea! plaral on' of
error silgnal signals AdaptivegfaRrfilted BdOthen adlpsts tlzezammda m‘ldaﬁ'equel]tcyst er input
225 to SeCO%sPQxﬁé&a S¥tsPdngea imslitvaBsh réépﬁm's§ t@ac&mwysmﬂuﬁfmea dpesul t
of a measur &, uts gﬁc]:cl ffoeanes é:hegn%%t% dzgltélrsﬁénaq sgll lst%' U N | )168 pnd second
step 46, subtractor 306 receives aligned first digital signal 311 and
second digital input 226. Second digital input 226 is comprised of a
15 plurality of summed real digital signals including error components.
Subtractor 306 subtracts aligned first digital signal 311 from second
digital input 226, yielding a subtractor output 313, at step 48. Subtractor
output 313 is comprised of residual error components and possible
residual carrier components. Next, at step 50, carrier canceliation
20 controller 308 correlates first digital input 218 with subtractor output 313,
generating indicator signal 321 for receipt by intermodulation
cancellation controller 302. In addition, the results of the correlation
provide an adjustment to muitiple tap inputs 315. Subtractor output 313
also provides the input to total power detector 304 which converts the
25 power of the subtractor output 313 into digital value 316, at step 52. Next,
at block 54, digital value 316 is received by intermodulation cancellation
controller 302 which then compares digital value 316 to the previous
digital value generated by total power detector 304. The comparison
yields a comparison value. At step 56, in response to the comparison
30 value, intermodulation cancellation controller 302 generates gain
adjuster input 224 and phase adjuster input 225 for receipt by feed
forward amplifier 100. Finally at step 58, the previous digital value used
in step 54 is replaced by digital value 316 and the flow passes back to
step 52. Subsequently, a new digital value is generated, replacing digital
35 value 316. Steps 52, 54, and 56 are repeated continuously in order to



20 . digital signal 226 by digital IMcontroller 214 (discussed bel ow).
Digital IMcontroller 214 is constructed as shown in FIG 3. Dgital

| M controller 214 includes an adaptive finite i npul se response (FIR) filter
310 for receiving first digital input 218, a carrier cancgtpldsabest

control | er W&%338d8 a subtractor 306, a total power detector 304 and an I M
cancel | ation controller 302 for providing gain and phase adj uster

i nputs (224, 225) to second gaih and phase adjuster 110.

Adaptive FIR filter 310 operates to @¥3gn first digital input 218 with
second digital input 226, the operation and construction of adaptive
filters 3 Okeepegainy amsrterkmuhZBﬁ ansephase atjustes| inpwtnBA® seb atcthenml i shed
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311 resul t s therein Wﬂh%%%ﬁl‘i‘@aﬁ‘?’!‘?"‘%”'ﬂ? @"q ﬁ‘F°P§ ?@W‘Eﬂ i nclude carrier

conmponents whil e second digital input 226 represents a plurality of
digital signals which i nclude both carrier conponents and residual
error conponents. 5  Accordingly, subtractor 306 provides subtractor
out put 313 representative of residual error conponents as well as

possi bl e residual carrier conmponent s.



Carrier cancellation controller 308 operates to provide

adj ustnents to adaptive FIR filter 310 through the use of multiple tap 10 .
i nputs 315. Carrier cancellation controller 308 receives two inputs, first
digital input 218 and subtractor output 313. Adjustments via nultiple tap

i nputs 315 M@ VEATive FIR filter 310 are acconplished by WN%’F’&?E"ng first
digital input 218 with subtractor output 313. Carrier cancellation circuit
308 then adjusts nmultiple tap inputs 315 so as to minimze this correl ation

15 at each of the delay val ues assodbated with the taps in [
filter 310. This iterative feedback techni que uﬂ(ﬁ \L“ Eﬂ L@F
residual carrier conponents appearing in subtr sols as

aligned firswhdt @idi@nedis: 1nput 311 and second di gi tal signal 226 becone
substantially 1dentical 1n frequency response gain, phase and del ay.
In addition, carrier 20 cancel lation circuit 308, upon noting that
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i ndi cator si gna? 321 to I M cancel | ati on controller 302 (discussed
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2. The feed forward amplifier with digital intermodulation control of
claim 1 wherein the up-converter comprises: .
20 a digital-to-analog converter for converting first digital input signals

to an analog signal;

a first mixer for adjusting the frequency of analog signal in
response to the reference frequency signal and outputting the analog
composite signal; and

25 a local oscillator coupled to a splitter, the splitter providing the
reference frequency signal to first mixer and a second mixer.

3. The feed forward amplifier with digital intermodulation control of
claim 1, wherein the feed forward amplifier further comprises an ampilifier
30 signal path and a feed forward signal path.

4, The feed forward amplifier with digital intermodulation control of
claim 3, wherein the amplifier signal path comprises:



- 13- usi ng a nunber of nethods. Such rret hods may include summng a
predefined number of subtractor outputs 313, -repl aci ng the ol dest
previ ous subtractor output on a stack of buff &i\jout puts with the current

subtractor output and then sunm ummﬁ“lﬁ!‘ \ﬂ‘\ tputs. Next i tal
val ue 316 i YOAp47ed with a preui e previ Sﬂwﬁ’é rated
by total power detector 304 by IM ‘carfcell atlon controll er 302, thus
form ng a conpari son val ue. Based on the conparison val ue, gain

adj uster input 224 and phase adj usterli7aput 225 are nodified.

| M cancel lation controller 302 remains idle until it receives an 10

i ndi cator signal 32taln ampifier tmrarhpln‘ymgnlhel aredtlo@ rcoatpusite| dignal 38

i ndi cating ﬁ&ﬁﬁ L

cancel l ation cont'{:gﬂ)‘” ﬁ%%é Slgna con\ﬁeargbhﬁgmg%?r%lag{rérgg’r?cée Tt on
control | er 3BYMPENUPARY have converged when all the correlation

cal cul ati ons useda fist aifpctignainebuplef éor couplitgan ampliffed3ahalpgesignahl ues t hat

are bel ow a psBERIEB mﬁm%rypéﬁ Fg{h Uilization of indicator signal
ntto

321 prevents | canc l'at1 on co er 302 from meki ng i nproper
adj ustnents during start up, during which tinme the out put of total
power detectbr 30The deachforward amplitier with Idjgitadidnteonedidation contaeit obn of

carrier CanCéI'alrﬁW Whe?élﬁﬁﬁé)féeﬂrioﬁ%d srgnal gath comprisd4:cancel | ati on controller
302 operates as ece

a Sui able di cat pr signal
321 fromcarrer SR GRnahdpnass Bcfisiat fosgyusthgs phade ard Bapt o,
control 1} 3enalpggeermpesite signeh e clespenssn ty e cestolleri tosform a feeddl gi t al
val ue 316 i sforraedisigflapfter waiting for a period of tine at |east

change, dV. it L%ﬁ’*’?g‘r%"% ) Epuior @Egémkﬁr R o8P (R SN S o\ o s
agai n wai ti ngmpéfied paalgg signgl F‘@mB deEn an er@r signpbwer det ector 304 to
conpl ete, digitalasebord gdi arel I&sﬁmumeﬂforfadfmm@ﬂ@e eeror bignal in I f this

new | evells i srggpgp,rsg tSS'Z% bKaéé)‘ﬁﬁé g%g?ggi)h%@amp%‘( ‘té)\‘b?méﬁ’ GlijustddClrrga!

adj uste SoMe nunber between
0 and $ig "Pt’ at"'ﬁll s new level is significantly higher than the previous
| evel , then gai n &n@rror adjpliierdfor amplifiying2He adjusteareysot signal fg-fdvm drf t hi s new

l'evel is not gmplified error signal. comprising a plurality of amplified error

components.

20
6. The feed forward amplifier with digital intermodulation control of
claim 5, wherein the amplifier signal path further comprises a delay and
second directional coupler for subtracting the amplified error signal from
the amplified analog signal to form the amplified analog composite

25 signal.

7. The feed forward amplifier with digital intermodulation control of
claim 1, wherein the down-converter comprises:
a second mixer for mixing the reference frequency signal with the
30 amplified analog composite signal sample to produce an adjusted
composite analog signal sample; and
an analog-to-digital converter for converting the adjusted
composite analog signal sample to a second digital input.



signtficantly different fromthe previous level, then gain adjuster input
224 I's not changed. The I M cancell ation process I s then repeated

usi ng phase adjuster input 225 i ““& |n adj uster i nput 224.
The entire cycle of adjusti m \R\Eﬂg& I nput 224 and )ohase
adj uster i npWP 923461 o 35 secono\ wphise adj ust er BATU§IE1¢6p N
repeat ed continuously. The

-14- adj usting subsequently affects anplified anal og conposite signal
sanpl e 126 and therefor second dikxfi4al i nput 226. FIG 4
is a flowchart illustrating those steps necessary for 5 generating a

phase adj ust & infJbe fead farwgad mnplifios with digitaltinfeoddiafiot @ontrol of feed
forvard anpl iddiyy, %@Z b % @M)nhgbmrefeynpﬁ séel4 Of FIG 3 in

accordance with the present invention. The

logic flow starts?8 WFQS%TQWFNE HhI"R"qufﬂéﬂt'Pé@_CﬂR@Eléﬁsves first
digital i nputtheaeamived:HRlfﬂtecadpstlugedncﬂmﬁltmdejaad! ifteuericys fAseé geal digital

10 Si gnsl s tnddapdicil ﬁbﬁityfbﬁﬁaa%pnéﬁ& i gg ghe anpl i tude and

frequency resp i st I’n response to a

plurality of nult#® %?5&9" responsjys, st 31@’99 ff"‘t'?r a)) signalgand tha digit al
signal 311, aecgmd;pdlgual Neput, dhe subtrastorp piiucimgbtar aubtractdb6outpaei ves

aligned fi rStreﬂrleﬁéﬁﬁhvébﬂfé%ldu%ilérraﬁéom onen@cond digital i.nput 226. Second
digital input 226 ad nmred real digital

signal s includin ﬁ’ﬁ?”@%{?%@%m gontro?ler réasgggﬁly%%@rcg(éag%pfm s al i gned
first di§Ptalfirsi Qéﬁ' igput Wity thes sublrrtor outpuldtogadiust theppluraiB6 of yapel di ng a

subtractor oufmus, tBéartdr cahesliadiBn cBrHibNe*PréViding an indicator signal;
a total power detector responsive to the subtractor output, the total
power detector converting a power level of the subtractor output to a
digital representation to form a digital value; and

15 an intermodulation cancellation controller responsive to the
indicator signal and the digital value, the intermodulation cancelliation
controller

comparing the digital value to a previous digital value
generated by the total power detector to form a comparison value, and
20 generating the phase and gain adjuster input based on the
comparison value.



out put 313 is conprised of residual error conponents and possible
resi-dual carrier conponents. Next, at step 50, carrier cancellation 20
controller 308 correlates first digital input 218 with subtractor output
313, g 139 i ndicator signal 321 for receipt by internodul ation
cancellation%@g%?%g ler 302. In addition, the results of thBCFEP3EF#TI on
provi de an adjustnent to nultiple tap inputs 315. Subtractor output 313
al so provides the input to total power detector 304 which converts the 25
power of the subtractorhputput 313 intggigital value 316, at step 52.
Next , at bl ock S>> digital value é16 is received by internodul ation
cancel | ation Fppkisol | er 302 which then conpares digital value 316 to
t he previous ~didi®¥al value generated by total power detector 304. The
conpari son a conyari son value. At step 56, in response to the
conparison 30 | v& erngdul ation cancel |l af{j on controller 302
generates gain | f
recei pt by feeqd —Borpmardganplifier 100. Fipally at step 58, the
previ ous di gi val @Ziged in step 54 is replaced by] digital val ue
316 and the fldw passes Hack go step 52. Subsequently, a new digital
val ue i s generak ed, acinggdigital 35 val ue 316. Steps} 52, 54, and 56
are repeated cont,inyou in érder te® keep |gai n adj uster
i nput 224 and pha®d agj udt ilnput 25 set at the | evells required to
m nimize the erkorJc@@rlem?s!i p-anwphitied aualag., conpdsite signal 147.
Wil e the inventior FR&E { j rly shown andgdescriffed 5 wth
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skill’ed in the art that various changes in formand details may be nade
therein without departing fromthe spirit and scope of the invention. .
-16- VWhat is clained is: 1. A feed forward anplifier W th
digital internpdul ation control 5  conprising:-

up-convert‘gf)g?{:"a’mS ng a first digital input and outputti ngpgﬁus”’l“sénal og
conposite signal and a reference frequency signal; a feed
forward amplifier for receiving anal og conposite si gnhal and 10 out putting
an anplified anal og corrp03| te Si gnabénd an anplified anal og

conposite si &"na z / down-converter for receiving the

anpl i fi eg-ara -c-omposu&e signal sanple and outputting a second
di gital i1NRy! it I3 < a digital ¢ nternodul ation controller having
as inputd ﬁrs“g’ di gltall 15 input and se&bnd d| gltal i put and outputting a
phase €gd g rnE4g; he féed forward
anmpl i figd. =5 P fl'he fegd forward an‘p|lflrej,l\ﬁ hjgl gi tal
i nt er nod Iati(ﬁ@oﬁtrol' .of © claim1l mhere||nbth qonverter
conpri se%' 20 e ?'_dl g_g_al -to-anal og cony nverting first
di gi tal iI put s{gnal s .t to an anal o og S|gﬂall, Q '
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a first mxer for adjusting the frequency of analog signal in
response-to the reference frequency signal and outputting the anal og

conposite signal; and 25 a local oscillator coupled to a splitter
the splitteyoRbestkAi Ng the reference frequency signadcringsobhésst MM xer
and a second m xer. 3. The feed forward anplifier wth digita

i nt ernodul ation control of claim1l1, wherein the feed forward
anplifier further conprises an anplifier 30 signal path and a feed
forward signal path. 4. The3%ped forward anmplifier with digital

i nt ernodul ation control of clarm 3, wherein the anplifier signal path
conpri ses: -17-

a main anplifier for anplifying the analog c site signal to form an

anplified anal og signal conprising a pIuraIi%%ggg;carrier and error
conponents; and a first directio %gupler for coupling an
anplified%hnalog signal 5 sanple to the fé&d rward signal path.

5. The feed forward anplifier with digital internodul ation control of
claim 4, erein the feed forward signal path oggrises: a
first gain and phase adjuster for adjusting a phase and gain of 10 anal og

conposite si gnfrl-r'n"r-espmrse-t-o-a-cofrt-rcrfer-r Forma~feen
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forward signal; a directional coupler for conbining the feed

forward signal with the anplified anal og signal sanple to forman
error signal; a second gain and phase adjuster for adjusting
the error signal in 15 response to the phase and gain a l1ebspPUt to
form an adjWR¥EI%Error si gnal ;- and an e??yf%gﬁp ?fler f or
anplifying the adjusted error S|gnal k? form an anplified error
signal conprising a plurality of a ? i-ed error conponents. 20

claim5, wherein the anplifier si further conprises a delay and
second directional coupler for subtTagting the anplified error swgnal from
t he anpl | 5
SlgPa|| THE ADAPTIVETFERfEEEWERNREBEiVESDW FHRSTMDIGIHA@IIKPUTrWHiCHJNﬂ ation
contro
a second y "
anplified analog conp05|te sighal sa ,Ie to produce an adjusted/44

conposi t e rgRalfaAp§ ah?aﬁﬂ ' fA USTS THE AMP TUDER KNP FREQUENEY L B
convert ey ggr Pﬁ? TH@"F R,énAL INPO? R RE§P6ﬁ§¢°ﬂoSA9“a' sanpl e
“;86‘ Secpn LFTY tMULTIPLE TAP INPUTS AND FORMS AN ALIGNED

- Lo- FIRST DIGITAL SIGNAL

‘ ,46

THE SUBTRACTOR RECEIVES THE ALIGNED FIRST DIGITAL AND
A SECOND DIGITAL INPUT COMPRISED OF A PLURALITY OF
SUMMED REAL DIGITAL SIGNALS INCLUDING ERROR COMPONENTS

Y /48

THE SUBTRACTOR SUBTRACTS THE ALIGNED FIRST DIGITAL SIGNAL -
FROM THE SECOND DIGITAL INPUT, YIELDING A SUBTRACTOR OUTPUT
COMPRISED OF RESIDUAL ERROR COMPONENTS AND POSSIBLE
RESIDUAL CARRIER COMPONENTS

) , 50

THE CARRIER CANCELLATION CONTROLLER CORRELATES THE FIRST
DIGITAL INPUT WITH THE SUBTRACTOR OUTPUT TO ADJUST THE
PLURALITY OF MULTIPLE TAP INPUTS AND TO PROVIDE AN INDICATOR
SIGNAL TO THE INTERMODULATION CANCELLATION CONTROLLER

\ ' 52

THE TOTAL POWER DETECTOR CONVERTS THE POWER OF THE
SUBTRACTOR OUTPUT INTO A DIGITAL VALUE

y 54

THE INTERMODULATION CANCELLATION CONTROLLER COMPARES THE
DIGITAL VALUE TO A PREVIOUS DIGITAL VALUE GENERATED BY THE
TOTAL POWER DETECTOR AND FORMS A COMPARISON VALUE

v , 56

THE INTERMODULATION CANCELLATION CONTROLLER GENERATES A PHASE
AND GAIN ADJUSTER INPUT IN RESPONSE TO THE COMPARISON VALUE

\» | L5

THE PREVIOUS DIGITAL VALUE IS REPLACED BY THE
DIGITAL VALUE

FI1G.4

6. The feed forward amplifier wh—gi-g{al internodul ation control of
0 I‘ﬁTAB t




_ &mggg,s
8>-"% The feed forward anmplifier with digital intermodul ation contrReSiepy !
claim1, wherein the digital IMcontroller conprises: an
adaptive FIRfilter responsive to a plurality of multiple tagsputs,

P& onse of 5

the adaptive FIR filter adjusting an anplitude and frequenc rg.-mu,
the first digi nput t owdrun MTELNEAUALPREPERTY ok@NIZANAN t al Si ONGE

a subtractor rIe’ggynswe to the ali ﬂ‘fé‘%’g {9 digital signal and the
second ANEERNATIONAH APPRIGATIONRUBIASIE, BRiSHR gA £op ONIREATY (PCT

r epr ¢ GThterhdtivial Mfent/Ohssifichtian 6 :€1 1 Or  ClONMP O A HitSmational Publication Numberf Car 'WE¥ 9933167
cancel | afgaprysggontrol | er responsi vel Apla correlation of the 10 first
digifal input with the subtractor jout p¢d Dntesnatieipl PublicatipnDatet i al i t Xyl 3999 b9
i npuffs, the carrier cancelTatiton controJler providi n an | nd| cat or signal;

a t off & evRseattigplisetion Nuspbera o n SHCFRISIEH6E HIHEM Py ggfg& SHeEurepmapiant (AT,
power ﬁ)&ktﬁﬁ&ﬁ%lﬁﬁgﬁﬁﬂl Ng 1088 (logy®) | of t {gEsict or out IOUP
digitta representatlontoforma digital value; and 15 an
i nt en ig& } cancel l ation controllgg, @ponsi ve to the i ndi cat gr
si gng an%‘é} sadi gi t a3 Dedember 07 2AMR.97) NT €8 1O oll Wikl inddrhafiond] SertH réplrk. ON
cont ol | er conparing|the digital value to a previous
di gi t@,ll) ApRicH® Mmkornﬁggﬁsﬂfs?%o?%smﬂgnq&rptal power detector to forma
CoNpPar i'sORoddchd@nburg (US) generating the phase and gai n
adj ugt er |n£)ut based on th conpafi son val ue.
(72) Inventor: James, Edward. 1727 North Chestiut

Avenue, Arlington Helghts IL 60007 (US).

(74) Agents: CREPS, Heather, L. et al.; Motorola Inc,, Intellectual
Property Dept., 1303 East Algonquin Road, Schaumburg, IL
60196 (US).
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(57) Abstract

A feed forward amplifier with digital intermodulation control (214) Includes an up-converter (219) a feed forward amphﬁer (150),
a down-converter (230), and a digital intermodulation controller (214). The up-~converter (219) receives a first digital mput (218) and
generates an analog composite signal (140) and a reference frequency signal (221). The feed forward amplifier (150) receives the analog
composite signal (140) and produccs an amplified analog composite signal (147) and an amplified analog composite signal sample (126).
The down—~converter (230) mixes the amplified analog composite signal sample (126) with the reference frequency signal (221) in 2 mixer
(216) to produce an adjusted amplified analog composite signal sample (128) which is then converted to a second digital input (226) via an
analog-to-digital converter (215). A digital intermodulation controller receives a first and second digital input (218, 226) and subscquently
generates a phase and gain adjuster input (224, 225) for adjusting the feed forward amplifier (150).




