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A FEED-FORWARD
AMPLIFIER USING AN EQUAL
(GROUP-DELAY SIGNAL
CANCELLATION TECHNIQUE

In this article, new signal cancellers that can match the out-of-phase and group

delay of two signal paths simultaneously are proposed. The simultaneous

matching of the out-of-phase and group-delay time between two paths can permit

broadband signal cancellation. A feed-forward linear power amplifier that uses

the proposed signal cancellers was fabricated for the IMT-2000 base station

transmitting band. The main signal cancellation (first) loop of the fabricated feed- |

forward amplifier cancels the input signal by more than 26.3 dB and the
intermodulation distortion (IMD) signal cancellation (second) loop cancels the
IMD signal by more than 15.2 dB over a 200 MHz bandwidth. In the two-tone
signals amplification process, the C/I ratio of the amplifier was improved by 21.2
dB, where the two tones were 2115 and 2165 MHz (Af =50 MHz), respectively.

odern wireless communication sys-
tems utilize digital modulation tech-
niques employing linear complex

l'n(Iing schiemes to maximize the channel
throughput available capability. Also, a broad-
er C}lil]l]ll"l Ii'plll(l\u\'i(.ll'll I\ |15l‘l| l‘”r maore (liltu
transmission than before. In addition, as vari-
ous communication services, such as cellular
plume (1S-95), persnnu[ communication serv-
ice (PCS), IMT-2000 and mabile Internet are
provided, the service frequency bandwidth is
also broadened. These linear modulation
schemes increase the peak-to-average ratio of
the RF signal and the envelope variation of
the signal is changed seriously.

A power amplifier is usually operated in the
saturation region for maximum el ic'fén{:}' and
high ontput power. As the power amplifier op-
erates close to saturation, its 1illt?ilri|_\-’ {]egm{hb
tion becomes significant, due to the nonlinear
characteristic of the power amplifier, There-

fore, to the power amplifier designer, high lin-
earity and high efficiency are critical issues,
Hence, a compromise between power effi-
ciency and linearity must be considered, oth-
erwise a linearization h’(‘]nlii{m- to overcome
the nonlinearity of the power amplifier is the
only solution.

Various linearization methods, such as
feed-forward, feedback, pl’ellislm'liun. LINC
(linear amplification with nonlinear compo-
nents), CALLUM (combined analog locked-
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Innp nniversal modulator) and EER
(envelope elimination and restora-
tion) have been reported.!2 The ana-
log predistortion method is conceptu-
ally the simplest form of linearization
for an RF power amplifier, but its in-
termodulation reducing effect is not
as good as for the feed-forward
method. Digital predistortion shows
ood linearization results, but has a
imited linearization frequency band-
width because of the memory ef-
fect.3-6 Among the numerous .mlpll-
fier |mmn/almn techniques, feed-
forward linearization has been
extensively used in base station am-
plifiers, because of its intrinsic advan-
tages of providing high linearity and a
broadband linearizing bandwidth.!-3
Although the feed-forward method

can linearize over a broader band
than any other linearizing methads,
the bandwidth, for more than 20 dB
reduction of the IMD components, is
limited in practice. Previously, several
broadband feed-lorward app]icaltiuus.
having a delay line phase equalizer or
i 1nllItI‘bhlj_,t' hybrid, have been pre-
sented.™S However, the phase equal-
izer has difficulty in matching the
phase characteristies of the power
;1m|:|il'i{er. because the amplifier con-
sists of several transistor stages and
its phase characteristics change ac-
cording to the operating conditions
and case-by-case differences. The
multi-stage 3 dB hybrid method uses
only its broadband characteristics.
The previous approaches focus on the
}lIII]]IiI‘lI(!l‘ and ()1It—(){.—|1|}iL\'P nml(:hing

between the two

1t

paths of the feed-
forward loop. but
ignore the group-

A: Attenuator  (: Phage Shifter  (5): Signal Canceller

] delay matching. In
RE,.. S :
x this article, new sig-

nal cancellers that
match the broad-
band out-of-phase
and gruup—(](‘hly
characteristic simul-
taneously between

A Tig, 2 Equicalent loop of the feed-
forward amplifier.
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A Fig. 3 Phase and group delay

transmission characteristics of 0 Wilkinson
caneeller.

A Fig. 1 Block diagram nfafeed-ﬁjmm'd amplifier.

the two paths of the
feed-forward loop
are proposed. The proposed can-
cellers provide broadband signal can-
cellation in the feed-forward loop.

THEORY OF OPERATION
OF A LINEARIZER
Analysis of a Feed-forward
Equivalent Loop

Basically, a feed-forward amplifier
consists of two signal cancellation
loops that have the same operating
principle and the same frequency
components are cancelled in each
loop. Figure 1 shows the block dia-
gram ol a feed-forward amplifier,
where the principle of operation is
well illustrated for a two-tone spec-
trum, Figure 2 shows an equivalent
loop of the feed-forward amplifier for
amplitude analysis, and phase and
group-delay matching, Assuming that
the signal in each

e = qed

e o e

Fath of the equiva-
ent loop is sinu-
soidal, then the sig-
nal in the two paths

A Fig. 4 Comparison of a reflect

P

lines can be written as

terminated in a short and open eircuit.

128

I signal fort
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V, =V, cos(oyt-9) (1)
\{3 = v‘!ln ws[m"r _¢) (2]

where
vlll! = \l'lnl +AV, 0=0+n+Ap

I there are amplitude. phase and de-
lay mismatchings between the two
paths, then the cancellation perfor-
mance (CP) can be written as?

CP=10log[ 1+0 - 2a.cos

gl

where [ and k&, are the center [re-
quency and wavelength. o, A¢ and
hepy are the amplitude, phase and
group-delay mismatching parameter,
respectively. The amplitude and the
pil:lsu umlt'hings are important for
single frequency component cancella-
tion, but the group-delay time match-
ing is also an important parameter for
broadband signal cancellation. Fig-
ure 3 is a go 15 example of the impor-
tance of group-delay matching in the
feed-forward loop, where the charae-
teristics of a Wilkinson canceller,
which is one of the usual signal can-
cellers, are shown. The transmission
phase and group-delay characteristics
of a Wilkinson canceller, with one in-
put port connected to a Ay2 trans-
mission line, were measured. If the
signals in the two paths have equal
amplitude, linear phase characteris-
tics and slight group-delay mismatch-
ing due to the A2 transmission line,
then a perfect signal cancellation
would be obtained around the center
frequency. However, a signal at a
+100 MHz frequency offset would be
partially cancelled due to its group-
delay time mismatching. As a result,
group-delay matching is shown to be
important on broadband signal can-
cellation, in addition to the amplitude
and phase matching.

Design of an Equal Group-delay
Signal Canceller

Figure 4 shows transmission lines
terminated with short and open cir-
cuits. If the transmission lines have the
same electrical length, the reflection
signals are —le 129 and 1e?8, respec-
tively. The reflection signals are out-
of-phase, but their group-delay time is
the same. Even though the input sig-
nal condition and the length of trans-
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mission line are changed, these prop-
erties are not. Fi igu re 5 shows the
block diagrams of the proposed first
loop signal cancellers of the feed-for-
ward amplifier. The two input signals
of the hybrid-based circuit are fed to a
3 dB hybrid for which the coupling
and the through ports are terminated
with open and short circuits, respee-
tively. The two output signals of the 3
dB il)-'h:‘id!: are out-of-phase and fed
into an in-phase combiner. Since the
two input signals in the final output
port experience the same group-delay
time and are ont-of-phase, a perfect
signal cancellation is obtained. The 3
dB hybrid is used to obtain a good re-
flection characteristic. The 3 dB hy-
brid could be replaced with a cirenla-
tor. However, the frequeney depen-
dence of a circulator is more severe
than for a 3 dB lybrid. So the use of
hybrids is preferable in the first loop
signal canceller. Figure 6 shows the
block diagrams of the second loop sig-
nal canceller of the feed-forward am-
plifier. The operating principle of the
second loop canceller is almost the
sume excepl for the 90° phase com-
pensation of the loose coupling hybrid.

MEASURED RESULTS

To show the validity of a feed-for-
ward amplifier adopting the proposed
signal cancellers, several circuits such

TECHNICAL FEATURE

us & main amplifier, an error amplifi-
er, variable attenuators and variable
shase shifters as well as the proposed
irst and second cancellers, using 3
dB hybrids, were fabricated. For
comparison, a Wilkinson combiner
and a 10 dB hybrid were also (abri-
cated as conventional signal can-
cellers, where the operating frequen-
cy was 2.14 0.1 GHz The feed-for- |
ward amplifiers used the same |
cirenits except for the cancellers, be-
cause the cancellation results of the
feed-forward amplifier depended on
the electrical characteristics of the
sub-circuits. The fabricated main and
error amplifiers consisted of four
transistor stages. The measured gain,
maximum return loss and 1 dB com-
pression point ( P1dB) were 44.7 0.3
dB, —14 dB and 28.7 dBm, respec-
tively. The variable attenuator and
the variable phase shifter were of the
reflection type for good reflection
characteristics. The maximum attenu-
ation and phase shifting range were
15 dB and 120° respectively. Figure
7 shows the first loop signal cancella-
tion characteristics, nsing the conven-
tional Wilkinson and the proposed
signal cancellers. The input signal
was cancelled more than 16.4 dB
within 2.14 £0.1 GHz with the con-
ventional Wilkinson canceller. How-
ever, the proposed canceller can-

open
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short
(a) =
apen
Vi1
Ve
Vinz
short
(b) =

-2
—

Vaour
I
Il
Short
90°
Vin1
Vou
I
90°
L% Vinz
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A Fig. 5 Proposed first loop signal
cancellers (a) using hybrid couplers and (b)
using circulators.

A Fig. G Praposed second loop signal
cancellers (a) using hybrid couplers and (b)
using cirenlators.
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celled the signal more than 26.3 dB
within the same {requency range.
The frequency bandwidth where the
signal was cancelled by more than 20
dB was broader than 300 MHz.
Figure 8 shows the second loop
signal cancellation characteristic using
the conventional canceller and the
proposed ca iceller. The input signal
was cancelled by more than 11.7 dB
within 2.14 +0.1 GHz with the con-
ventional canceller. However, the pro-
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posed canceller cancelled by more
than 15.2 dB within the same frequen-
¢y range. The frequency bandwidth
that the signal was cancelled more
than 20 dB was improved from 94 to
173 MHz With a two-tone signal am-
plification process, the improvements
in the earrier-to-intermodulation (C/1)
ratio were also measured, where the
two-tone signals were 2115 and 2165
MHz, respectively. Before the error
path of the second loop was connect-
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A Fig. 7 Signal cancellation characteristics
of the first loop using a conventional and the
proposed cancellers.
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A Fig. 8 Signal cancellation characteristics
of the second loop using a conventional and
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A Fig. 10 Output characteristics of the
feed-forward amplifier with and without
proposed cancellers.
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ed, the C/1I ratio and the output power
level at the feed-forward amplifier
output port were just 26.84 dBc and
17.5 dBm/tone, respectively. When
the amplifier was linearized with the
conventional cancellers, the C/1 ratio
was improved to 42.63 dBc. Figure 9
shows the output characteristics of the
feed-forward amplifier with and with-
out the conventional cancellers. The
improvement of the fifth C/T was not
good, whereas that of the third C/I

4.9 Novembor 2007

B &
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was fairly good. That was due to the
out-of-phase and group-delay mis-
matching of the cancellers in the feed-
forward loop. When the amplifier was
linearized with the proposed can-
cellers, the C/I ratio was improved to
48.03 dBc. Figure 10 shows the out-
put characteristics of the feed-forward
amplifier with and without the pro-
posed cancellers. The third C/I was
improved as well as the fifth C/1. The
comparison of the C/I measurements,

134 Visit http://mw].hotims.com/11715-16
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between the conventional and the pro-
posed feed-forward amplifier, shows
that the proposed c:mcell]ers improve
C/T over a broader band.

CONCLUSION

In this article, new signal cancellers
are Iproposed that match simultaneous-
ly the phase and group-delay proper-
ties of the feed-forward loops. Concep-
tually, a feed-forward amplifier that
adopts the proposed cancellers can
cancel carrier signals in the first loop
and IMD signals in the second loop
perfectly over a broad band. IMT-
2000, mobile Internet and wireless
LAN using OFDM have a broader
service frequency bandwidth than pre-
vious other communication services. A
feed-forward amplifier, using conven-
tional cancellers, is limited in linear
frequency bandwidth, so that it cannot
operate over the necessary frequency
band. However, the proposed feed-for-
ward amplifier can be linearized over
the whole frequency band without a
partition of the service band. The pro-
posed feed-forward amplifier may be
advantageous to communication serv-
ice providers and amplifier manufac-
turers, because of better operating
convenience and good manufacturing

yield. B 5
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