
1116 IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 58, NO. 5, MAY 2010

Efficiency Enhancement of Feedforward Amplifiers
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Abstract—We will demonstrate an alternative topology for the
feedforward amplifier. This amplifier does not use a delay element,
thus providing an efficiency enhancement and a size reduction by
employing a distributed-element negative group-delay circuit. The
insertion loss of the delay element in the conventional feedforward
amplifier seriously degrades the efficiency. Usually, a high-power
coaxial cable or a delay-line filter is utilized for a low loss, but
the insertion loss, cost, and size of the delay element still act as
a bottleneck. The proposed negative group-delay circuit removes
the necessity of the delay element required for a broadband signal
suppression loop. With the fabricated two-stage distributed-ele-
ment negative group-delay circuit with 30 MHz of bandwidth and

9 ns of group delay for a wideband code-division multiple-ac-
cess downlink band, the feedforward amplifier with the proposed
topology experimentally achieved 19.4% power-added efficiency
and 53.2-dBc adjacent channel leakage ratio with 44-dBm av-
erage output power.

Index Terms—Distributed element, efficiency enhancement,
feedforward amplifier, negative group-delay circuit, transmis-
sion-line resonator, wideband code-division multiple access
(WCDMA).

I. INTRODUCTION

S INCE ITS first introduction by Black [1], [2] and the ex-
periment by Seidel [3], the feedforward amplifier system

has played a leading role for linear transmitters, especially in
the base-station applications used in a modern wireless commu-
nication environment. In addition to the feedforward method,
there are various linearization techniques, including analog pre-
distortion, digital predistortion, and by direct or indirect feed-
back, such as in a polar method or in a Cartesian loop [4]. Never-
theless, the feedforward technique has become a preferred tech-
nique and is well known for its broad bandwidth capability, good
linearization performance, and stable operation. This is due to
the fact that it operates by the utilization of forward loops.

Extensive research on the analysis and design of the feedfor-
ward amplifier system has been done. Pothecary [5], Kenington
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[6], and other researchers [7]–[9] have analyzed the effects of
amplitude, out-of-phase, and delay mismatches on the suppres-
sion and efficiency performance of these amplifiers. Andrenko
et al. [10] and Larose and Ghannouchi [11], [12] have pro-
posed efficiency optimizations of the feedforward amplifier. As
a system model, Rummery and Branner [13] have proposed a
first-order closed-form equation for the feedforward design con-
straints and sensitivity analysis. Jeong et al. [14] proposed an
equal group-delay signal canceller to improve the inherent band-
width limitation of the signal subtraction circuit by using an
in-phase combiner/divider with a 180 phase difference. Hau
et al. [15] proposed a phase equalizer to reduce the nonlinear
phase imbalances within the suppression loops. Braithwaite [16]
described a novel pilot generation and detection system for an
adaptive feedforward amplifier. Choi et al. [17] expanded the
feedforward amplifier to a dual-band operation and modified a
cross-cancellation technique for the feedforward amplifier, used
as efficiency and linearity enhancement for a balanced power
amplifier [18].

Major sources of efficiency degradation for the feedforward
amplifier are found in the error power amplifier (EPA) employed
at the distortion suppression loop and passive components con-
nectedat theoutputofthemainpoweramplifier(MPA),especially
the insertion loss of a delay element. The delay element is un-
avoidable and essential to the broadband signal suppression loop
design, as long as there is a propagation time for the EPA and the
accompanying adjustable devices required for loop balancing.

Recently, interesting experimental validation on the negative
group delay (NGD) concept has been reported, and its electronic
circuit application has been proposed. The NGD concept is quite
intriguing, and sometimes confusing, in that typical materials
under normal conditions do not usually behave in a manner con-
sistent with the observed behaviors. In a specific frequency band
of an anomalous dispersion, the group velocity is observed to
be greater than that of , which is the speed of light in vacuum,
or even a negative value. This phenomenon was defined as the
superluminal group velocity [19], [20]. Researchers have been
trying to find an application of NGD or the superluminal ef-
fect to various electronic circuits [21]–[24]. In [25]–[27], var-
ious applications of the NGD circuits with an active topology
have been proposed. In [28], a trial to design a passive NGD
circuit for the feedforward power amplifier application was re-
ported. However, the previous work was not suitable for a com-
mercial linear power amplifier (LPA) system amplifying broad-
band modulated signals, such as wideband code-division mul-
tiple-access (WCDMA) signals in which the signal bandwidth
is roughly 5 MHz. This is due to a narrow signal bandwidth
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(2 MHz of two-tone spacing), poor input/output reflection coef-
ficients, design inaccuracy induced by the limited availability of
lumped elements, and the fact that there was no intuitive general
NGD circuit design equation. Considering the intermodulation
distortion (IMD) signal, the bandwidth requirements would be
much harder to satisfy in practical applications.

This paper presents a novel topology of the feedforward am-
plifier without a delay element by employing a distributed-ele-
ment (DE) NGD circuit. The major benefit that can be achieved
with the proposed topology is an efficiency enhancement ac-
complished by eliminating the delay element at the output of
the MPA, which is one of the major sources of efficiency degra-
dation, without affecting the linearization performance.

This paper is organized as follows. Section II describes the
proposed novel feedforward structure. A reinvestigation of the
conventional analysis of the loop suppression with respect to
the amplitude, out-of-phase, and especially group-delay mis-
match in nanoseconds is discussed for intuitive understanding,
which has not been presented in previous works. Also, the major
sources of the efficiency degradation for the power-amplifier lin-
earization technique and the solution for the efficiency enhance-
ment are discussed. In Section III, the DE NGD circuit is pre-
sented along with the expected advantages when applied to the
proposed system. Experimental verification results and a table
of measurement results compared with the previous works are
demonstrated in Section IV, which is followed by the conclu-
sion in Section V.

II. NGD FEEDFORWARD ARCHITECTURES AND ANALYSIS

A. Feedforward Amplifier Without Delay Element

Since the feedforward amplifier is a well-known architecture,
a detailed description will not be given in this paper. Fig. 1 il-
lustrates the two types of feedforward amplifiers employing the
NGD circuit proposed in this paper. The NGD circuit and a
bandpass filter (BPF) are added in the conventional feedforward
structure. A BPF is used to avoid any unwanted oscillation in
forward loops. In Fig. 1(a), the NGD circuit is placed in the EPA
path and counterbalances the group-delay time experienced by
the EPA path including the vector modulator, the EPA, and other
coupling devices. In that way, the delay element (DELAY 2) at
the output of the MPA can be eliminated. In this case, the elimi-
nated delay element gives us an efficiency enhancement for the
feedforward amplifier without affecting the carrier suppression
loop. In Fig. 1(b), the NGD circuit is inserted into the common
path of the two loops.

Therefore, the delay elements from the carrier suppression
loop (DELAY 1) as well as the IMD suppression loop (DELAY
2) can be reduced or eliminated. If the group delays of the MPA
and the EPA path are same, the complete elimination of the two
delay elements is possible, therefore enhancing the efficiency
and minimizing the total size of the feedforward system. Even
though the delay element is eliminated, additional power-con-
suming circuits must be added to the NGD circuit. However,
an important difference is that the newly adopted NGD circuit
consumes a very small dc power component as compared with
the power lost by the delay elements when placed at the output
of the MPA. Also, the NGD circuit is able to be integrated in

Fig. 1. Proposed novel feedforward amplifier topologies with NGD circuit em-
ployed at: (a) EPA path and (b) common path.

Fig. 2. Simple signal-suppression loop model.

the EPA module, while the delay elements are typically com-
posed of bulky delay-line filters or high-power coaxial cables
with the inevitable size, weight, and cost penalty. In this work,
the topology of Fig. 1(b) is chosen.

B. Signal-Suppression Loop Analysis for Group-Delay
Mismatch

Fig. 2 shows the simple signal-suppression loop model
representing the amplitude, out-of-phase, and group-delay mis-
matches. A portion of the input signal is coupled into the
delay path as a reference signal . The remaining portion
of the is amplified by the PA resulting in the amplified
carrier with IMD components. A portion of the output of PA

is then coupled into the subtraction circuit, which is
then destructively combined with the , generating an error
signal that theoretically does not include any carrier
components.

1) Amplitude and Out-of-Phase Mismatch: When the refer-
ence signal of a sinusoidal waveform having an amplitude
and a phase is combined with the signal that includes the am-
plitude mismatch factor and the out-of-phase mismatch
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Fig. 3. Loop suppression expressed as a function of amplitude and phase
mismatch.

factor , the resultant carrier-suppressed signal can be rep-
resented as a ratio of the average power of to [5] as

dB

(1)
Fig. 3 shows the calculated loop suppression performance ex-

pressed as a function of an amplitude mismatch of 0.2 dB and
an out-of-phase mismatch of . From the figure, this mis-
matching range leads to a loop suppression of about 30 dB,
where the group-delay (GD) mismatch is assumed to be zero in
this analysis.

2) GD Mismatch: The GD mismatch between the paths
is critical for broadband signal suppression. For our analysis,
we assumed a unit amplitude and a perfectly matched
amplitude and out-of-phase condition .
can be expressed as follows:

(2)

where is an angular frequency.
To calculate the average power over one period, can

be obtained by using (2) to yield

(3)

By taking an integral of (3) over an arbitrary period , the
average power of is given by

(4)

Since the ratio of (4) to the average power of the
is defined as the loop suppression, we can express the loop

Fig. 4. Loop-suppression performance expressed as a function of phase and
GD mismatch when: (a)�� � 0 ns and (b)�� � 0.3 ns (at a fixed amplitude
mismatch of 0.01 dB).

suppression in a decibel scale for a time-mismatching condition
as shown by

(5)

where the term is inserted to derive the equation with
respect to the normalized frequency ( in Fig. 4)
when represents the center frequency.

Finally, from (1) and (5), we can derive the loop-suppression
equation considering the amplitude, out-of-phase, and delay
mismatches to be represented as a function of time as

(6)

Fig. 4 shows the loop-suppression performance with and
without the presence of a delay mismatch for 0.01 dB of fixed
amplitude mismatch. In the case there is no delay mismatch, as
shown in Fig. 4(a), the loop-suppression performance is only
limited by the out-of-phase mismatch, not by the normalized
frequency, as the dotted arrow direction designates. However,
in the presence of 0.3 ns of delay mismatch, the amount of
the loop-suppression performance is limited both by the phase
(solid line) and the normalized frequency (dotted line), as
shown in Fig. 4(b).

Fig. 5 shows the calculated and the simulated loop-suppres-
sion performance, with respect to the normalized frequency, for
a different delay mismatch when there is 0.01 dB of amplitude
mismatch with no phase mismatch. The mathematical estima-
tion closely agrees with the circuit simulation by using Agi-
lent’s Advanced Design System (ADS) 2009. In case of 0.3 ns
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Fig. 5. Calculated and simulated loop-suppression performance expressed as a
function of normalized frequency for different time-mismatching values.

Fig. 6. Block diagrams of: (a) typical feedforward power amplifier and
(b) cross-cancellation technique.

of GD mismatching, we can expect that the fractional band-
width of 20-dB cancellation will be 5.2%. When the mismatch is
1.0 ns, the bandwidth is considerably decreased to 1.6%, which
is nearly 30% of the bandwidth for 0.3-ns mismatch.

C. Efficiency Degradation of Linear Amplifier System

As already discussed in the previous sections, the major
sources of efficiency degradation for the feedforward amplifier
are the dc power consumption of the EPA employed at the
distortion suppression loop and the insertion loss of the passive
components (DELAY 2) connected at the output of the MPA,
as shown in Fig. 6(a). The other example, Fig. 6(b), shows the
power amplifier linearized by the cross0cancellation technique
[18]. In this case, there is also a delay element (DELAY 3) at
the output of to compensate for the group delay due to

.

By carefully defining the class of operation, the power ca-
pacity ratio of the MPA to EPA, and the desired amount of IMD
suppression, we can minimize the dc power consumption and
optimize efficiency [12]. However, the delay element is unavoid-
able and is essential to achieve broadband signal suppression
as long as there is a propagation time for the EPA and the ac-
companying adjustable devices, such as the vector modulators
required for loop balancing. By minimizing or eliminating the
delay of the EPA path, the insertion loss of the delay element
can be minimized. As a result, the desired efficiency-enhanced
feedforward power amplifier can be realized.

After the introduction of the NGD, a zero-propagation-time
system that combines the NGD circuit and the conventional
delay circuit has become an actual and achievable characteristic
for RF and microwave circuits. The physical nature, causality
issues, and electric circuit approach that apply to the NGD have
been already analyzed and proved with experimental observa-
tions [19]–[30]. By adopting the NGD concept, the delay ele-
ment known to be the major efficiency-degrading component re-
quired for the signal-suppression loop can be totally eliminated,
resulting in the efficiency enhancement of the PA linearization
techniques.

III. CIRCUIT IMPLEMENTATIONS

A. DE NGD Circuit

In a medium of refractive index , the dispersion relation
can be written

(7)

where is the wave number. The group velocity , which
means the speed of the envelope signal, is then given by

(8)

From (9) and (10), it can be inferred that, if the refractive
index decreases rapidly with regard to the frequency, the group
velocity and the group delay can become negative, and this event
does happen near an absorption line or signal attenuation con-
dition, where “anomalous” wave propagation effects can occur
[20]. Typically, in RF circuit design that is based on the dielec-
tric laminate, we cannot control the refractive index of the given
material. Therefore, we are only able to obtain the NGD through
the signal attenuation condition, which can be easily compen-
sated with the small-signal gain amplifier without reducing the
amount of NGD.

The design equations for the transmission-type series-parallel
(SP) and shunt-series (SS) NGD circuit have already been de-
rived in [29]. A reflective circuit, however, is useful to improve
the input/output reflection characteristics of RF circuits, such as
a variable phase shifter and a variable attenuator using a 3-dB
hybrid.

Fig. 7 shows the lumped-element (LE) prototype circuits of
the reflective parallel (RP) and reflective series (RS) NGD cir-
cuit [30]. The magnitude and phase of the reflection coefficient
for the RP network can be obtained by using the input
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Fig. 7. LE prototype NGD circuits. (a) Reflective parallel structure. (b) Reflec-
tive series structure.

Fig. 8. Calculated GD and reflection loss according to � and � , from
[30].

impedance of the RP network. Then, the GD and the reflection
loss can be represented by

(9)

(10)

by assuming a resonance condition for the desired operating fre-
quency. The GD is a function of the capacitance and the
resistance .

For good understanding and design, (9) and (10) were calcu-
lated using a MATLAB program according to and , es-
pecially for 40 60 and 0 pF 10 pF as
in Fig. 8. The amount of NGD is proportional to and ,
provided that is smaller than 50 . In case of 50 ,
the NGD circuit abruptly cause a positive GD. From the subplot
of Fig. 8 illustrating the reflection loss with respect to , it
can be inferred that more NGD induces more signal attenuation,
delivering a tradeoff to the designer.

One major difficulty of the LE circuit is the feasibility of
the designed component values. In a microwave circuit design,

Fig. 9. Four types of DE NGD circuits: (a) quarter-wavelength open; (b) half-
wavelength short; (c) quarter-wavelength short; (d) half-wavelength open cir-
cuit, from [30].

a specific length of open or short terminated transmission
line is often used as a resonator, called a transmission-line
resonator (TLR) [31]. Fig. 9 shows the four types of DE NGD
circuits converted from the LE prototype circuit. It is noted that
Fig. 9(a) and (c) have an odd multiple of the quarter-wavelength,
and Fig. 9(b) and (d) have a multiple of the half-wavelength,
with being chosen for a small size. The RP network in
Fig. 7(a) can be converted either into the quarter-wavelength
short circuit (QS) of Fig. 9(a) or the half-wavelength open
circuit (HO) of Fig. 9(b). The RS network in Fig. 7(b) can
be converted either into the quarter-wavelength open circuit
(QO) of Fig. 9(c) or the half-wavelength short circuit (HS) of
Fig. 9(d). The characteristic impedance and admittance for the
four types of TLR can be derived as follows, respectively:

(11)

(12)

(13)

(14)

An example to show the validity of a prototype RP LE NGD
circuit and its equivalent DE circuit were simulated. By using (9)
and Fig. 7, we calculated that 47.5 , 5.0 pF,
and 1.107 nH to obtain a 9-ns GD, and the estimated
reflection loss was 31.82 dB derived from (10) at the center
frequency of 2.14 GHz. Then, the LE circuit was converted into
the TLR using (11), and the calculated characteristic impedance
for the QS was 60.16 . As shown in Fig. 10, since there are a
number of combinations for resonating pairs, should
be carefully chosen so that the characteristic impedance of TLR
should not exceed the practical range. Larger amounts of NGD
value beyond 10 ns involve the bandwidth limitation as well
as the higher insertion loss. As a prototype, a microstrip 3-dB
branchline coupler is designed as a 90 hybrid. To reduce the
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Fig. 10. Practical range for NGD circuit design according to � and � .

Fig. 11. Circuit diagram of two-stage reflection-type NGD circuit, from [30].

circuit size, a commercial, low-profile, and miniature 3-dB hy-
brid coupler with a surface-mount package can be used.

For an experimental verification, we set as our goal the de-
sign of a two-stage reflective DE NGD circuit with 9 ns of
total GD, close to 0-dB insertion loss, and a 30-MHz bandwidth
centered on the WCDMA downlink band (2.125 2.155 GHz).
This NGD value is chosen for the compensation of the signal
transmission time due to the circuits in the EPA path in a feedfor-
ward technique. The proposed circuit would be constructed of
90 hybrids and two DE NGD circuit units (#1 and #2), of which
the center frequencies were 2.125 and 2.155 GHz, respectively,
as shown in Fig. 11. By connecting the two units in a cascade,
we hoped to obtain a flat GD and transmission response. The in-
sertion loss of the NGD circuit itself could be compensated by
a general-purpose small-signal amplifier as shown in Fig. 11. A
compensation capacitor would be connected in par-
allel to the to compensate for the minute parasitic induc-
tance of a chip resistor so that would not have any reactive
impedance. Total size of the fabricated two-stage DE NGD cir-
cuit is 180 90 mm .

Fig. 12 shows the simulation and measurement results of the
two-stage DE NGD circuit. One notable advantage of the pro-
posed topology is that the same magnitude and GD response can
be obtained when the position of the gain amplifier is changed.
In other words, the first gain amplifier can be moved to
the output of the second NGD circuit (Unit #2) according to
the input power level. In that way, we can avoid the poten-
tial nonlinear distortion generation in the NGD module. The
measured results of Fig. 12(a) agree well with the simulation
results, where the measured GD and the insertion loss were

9 0.25 ns and 0.21 0.06 dB in the operating frequency,
respectively. The small amount of GD and magnitude error are
due to the connecting elements and the gain of the small-signal
amplifier.

Fig. 12(b) represents the phase jump observed in the NGD
region. In the NGD region, the slope of the phase is observed to

Fig. 12. Two-stage reflection-type NGD circuit. (a) Simulated and measured
GD and insertion loss. (b) Measured phase response.

be positive, implying that the group velocity is negative. The
negative group velocity can be translated as the direction of
envelope propagation is opposite to the direction of the signal
propagation. This inverted phase slope can be used to cancel
out or control the negative phase slope (or positive GD) of the
conventional circuit, consequently achieving zero phase slope
(and, therefore, smaller or even zero GD). In the case that a
larger negative GD would be necessary, a designer should make
a tradeoff between the GD and the bandwidth. With regard to
the additional dc power consumption in the NGD circuit, each
small-signal amplifier consists of two ERA-5SM Mini-Circuits
and consumes approximately 1 W. This dc power consumption
is a relatively small amount when compared with the RF power
loss in the DELAY 2 of Fig. 2.

IV. EXPERIMENTAL RESULTS

The proposed feedforward amplifier was fabricated with a
STA0821-3940MM-MS, 120-W PEP commercial power ampli-
fier manufactured by Sewon Teletech Inc. with all of the options
turned off, including the digital predistortion and the automatic
power shutdown. This MPA could operate up to 49.18 dBm of
the output power (laboratory measurement) with 54.8 dB of gain
at 28 V. It had 38.3% of power-added efficiency (PAE) at peak
power. The linearity specification for the base-station amplifier
is 45 dBc for 5 MHz of frequency offset. The adjacent channel
leakage ratio (ACLR) level of the MPA without the feedforward
system was 33 dBc at an average output power of 44 dBm.
Then, the power level of the nonlinear portion of the output
signal is 11 dBm. If we select a 10-dB coupling ratio for an error
injection coupler [ shown in Fig. 1(b)], the EPA should be
linear at an average output power of 21 dBm. In this work, the
peak output power of the EPA is 41 dBm.
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Fig. 13. Measured carrier suppression-loop characteristic.

Fig. 14. Measured IMD suppression-loop characteristic.

Due to the frequency response of the employed NGD circuit,
which amplified the unwanted out-of-band noise, the two-stage
quarter-wavelength coupled-line BPF was designed with a mi-
crostrip line and integrated in front of the NGD circuit to avoid
possible instabilities. The addition of narrowband BPF increases
the total GD of the EPA path by 2.5 ns, and this factor has al-
ready been considered in the design of the NGD circuit in the
previous section.

Figs. 13 and 14 show the measured suppression characteris-
tics of the carrier suppression loop and the IMD suppression
loop, respectively. For the carrier bandwidth of the two-car-
rier WCDMA signal, at about 10 MHz, at least 32.8 dB of
carrier suppression could be achieved. When we took the adja-
cent channel bandwidth into account for the IMD suppression
loop, over 19.2 dB of ACLR improvement was expected to be
achieved for 30 MHz.

Fig. 15 shows the measured spectrum of the fabricated feed-
forward amplifier for a two-carrier WCDMA signal at an av-
erage output power of 43 dBm. The ACLR improvement was
almost 20 dB from 36.6 dBc (Without_Cancel) to 56.6 dBc
(With_Cancel) at a 5-MHz offset.

Fig. 16 illustrates the measured ACLR before and after lin-
earization for an 8-dB output dynamic range. Optimized for 43
dBm of the output power, the fabricated system achieved at least

53 dBc of the ACLR at a 5-MHz offset for an output power of
37–44 dBm.

The measured ACLR and PAE performance with respect to
the average output power is presented in Fig. 17. At an output
power of 43 dBm, the ACLR was 56.6 dBc and PAE was 17%.
At an average output power of 44 dBm, the measured ACLR
and PAE (or drain efficiency) were 53.2 dBc and 19.4% (or

Fig. 15. Measured two-carrier WCDMA spectra before (Without_Cancel) and
after (With_Cancel) linearization at an average output power of 43 dBm.

Fig. 16. Measured ACLR at 5- and 10-MHz offset of the proposed feedforward
amplifier.

19.5%), respectively. This included the additional power con-
sumption of the NGD circuit. For the MPA, the ACLR and PAE
were 53.2 dBc and 5.1%, respectively, at an average output
power of 36 dBm. For the same ACLR level with and without
the proposed feedforward topology, the PAE of the system in-
creased from 5.1% to 19.4%. Also, considering 53.2 dBc of
ACLR as a reference, the available output power for the MPA
increased from 36 to 44 dBm.

In detail, the GD difference between the conventional and
the proposed structure is summarized in Table I. DELAY1 and
DELAY2 denote the delay elements at reference path 1 (carrier
suppression loop) and reference path 2 (IMD suppression loop)
shown in Fig. 1, respectively. A value of 8.9 ns of the total com-
pensating GD required at the output of the MPA is reduced to
1.2 ns, which is 13.5% of the initial value. This value is the min-
imum experimentally achievable GD in a feedforward technique
for the laboratory experiment, which is generated by the signal
coupling and the error injecting coupler with the minimum con-
necting element.

Also, DELAY1 is reduced from 11.6 to 4.1 ns. The measured
results and the performance comparisons among feedforward
amplifiers are summarized in Table II. Systems using a two-tone
test signal can easily obtain a relatively high efficiency due to
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Fig. 17. Measured ACLR and PAE performance with respect to the average
output power.

TABLE I
GD COMPARISON

TABLE II
MEASUREMENT SUMMARY AND PERFORMANCE COMPARISON AMONG

FEEDFORWARD AMPLIFIERS

the low peak-to-average power ratio (PAPR), since the amplifier
can be driven into a near-saturation level. However, in the case
of transmitting a broadband modulated signal, higher efficiency
is a difficult goal to achieve due to the high PAPR of the signal.
The 19.5% of drain efficiency is the best result achieved with
the feedforward amplifier at the time of this writing, according
to the authors’ best knowledge. This noticeable efficiency im-
provement is achieved by totally eliminating the delay element
at the output of the MPA. If the output power of a given MPA is
higher than what was used in this study, a few kilowatts, for ex-
ample, then the efficiency enhancement will be much more evi-
dent since the effect of additional dc power consumption due to
the small-signal amplifier in the NGD circuit will be negligible
when compared with the power consumption of delay elements.

Fig. 18 shows the output spectra when a four-carrier
WCDMA signal was applied to the proposed system. As
observed in Fig. 14, in spite of the fact that the employed
NGD circuit had 30 MHz of bandwidth, we could still obtain

Fig. 18. Measured four-carrier WCDMA spectra before (Without_Cancel) and
after (With_Cancel) linearization.

Fig. 19. Photograph of the proposed feedforward topology (�� and�� in
the photograph refers to the vector modulator).

a linearization effect beyond the 30-MHz bandwidth. For a
40-MHz bandwidth, the measured ACLR at a 10-MHz offset
is nearly 50 dBc, which still satisfies the minimum WCDMA
base-station linearity requirement.

A photograph of the experimental setup for the fabricated
feedforward amplifier configuration is illustrated in Fig. 19. As
discussed earlier, an error-signal injection coupler was directly
connected to the coupler at the MPA output, without any delay
element at the output of the MPA. In product form, all of the
active circuits could be integrated into one module, including
the NGD circuit, the vector modulator, the subtractor, the BPF,
and the EPA, thereby reducing the size of the whole feedforward
system.

V. CONCLUSION

We introduced an alternative topology for feedforward am-
plifiers that yields substantial efficiency enhancement and size
reduction by employing a DE NGD circuit. We discussed the
design procedure and considerations for the DE NGD circuit.
With the fabricated two-stage DE NGD circuit with a 30-MHz
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bandwidth for a WCDMA downlink band, the feedforward am-
plifier of the proposed topology experimentally achieved the
highest efficiency among those previously reported in the liter-
ature, with additional advantages as to size and cost reduction.

Among the various linearization techniques used for a
base-station transmitter, although old-fashioned, the feedfor-
ward method still has many advantages over DPD techniques,
including all RF linearization and immunity to long-term
memory effects. The proposed topology is thought to be espe-
cially suitable for a system with a lower frequency of operation,
where the physical size of the delay element is relatively large
for the system. In addition, when this technique is applied to
high-power systems with a few kilowatts, additional efficiency,
size, and cost improvements may be fairly realized.
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