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Abstract
In this article, a cross cancellation power amplifier
(CCPA) with negative group delay circuits (NGDCs) for
an efficiency enhancement is proposed. The proposed
CCPA with NGDCs consists of a balanced power ampli-
fier (BPA), NGDCs, error amplifier, small signal ampli-
fier, and magnitude/phase control circuits. The NGDC
can remove delay elements of the conventional CCPA
and improve output power and efficiency. The fabricated
main BPA provides 44.37 dBm peak power, 71.3% drain
efficiency, and 68% PAE at 2.14 GHz. The drain effi-
ciency of the proposed CCPA with NGDCs is improved
by 6.7% than the conventional CCPA. Moreover, adja-
cent channel leakage ratios of CCPA with NGDCs are
improved by 12.2, 18.9, 17.7, and 14.2 dB at −10, −5,
+5, and +10 MHz offset points with the WCDMA
4-FAs (20 MHz) signal, respectively.
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1 | INTRODUCTION

In modern wireless communication systems, the high power
amplifier (HPA) is one of the most important circuits, and in
particular, for the base station. The HPA in the base station
should satisfy several requirements, peak power capability,
linearity, and efficiency at the allocated frequency bandwidth
(BW). Class E, class F/F−1, and class J HPAs have been intro-
duced for high efficiency performance by controlling drain
current and voltage waveforms of the transistor according to
harmonic impedance matching around the peak power.1–4

Theoretically, the harmonic impedances of these HPAs are
matched, that is, open, short, or capacitive. However, in prac-
tice, only the second and third harmonic impedances are con-
sidered for actual circuit design, because the second and third
harmonic components provide the most valuable effect on the
efficiency performance with the limited circuit size.

Several linearization techniques have been developed to
achieve the linearity requirement. Digital predistortion (DPD)
techniques are most widely used in commercial communica-
tion transmitting systems.5,6 The DPD technique uses inverse
models of the gain and phase characteristics of the HPA.
According to the inverse models of the HPA, the DPD circuits
predistort input signals of the HPA using the baseband digital
signal processing. When the inversely distorted signal is
applied to the modeled HPA, the linear output signal can be
obtained.

Feedforward power amplifier (FFPA) and cross cancella-
tion power amplifier (CCPA) use analog linearization tech-
niques and are suitable on base station systems. The FFPA
has broad linearization BW and best linearization perfor-
mance due to self-distortion signal cancellation.7 Billsberry
and Beach8 introduced the fundamental concept of CCPA,
and many research results have been presented.9,10 Choi
et al.10 described the efficiency merit of the CCPA being rel-
atively higher than the FFPA. However, the insertion loss of
delay elements for the group delay (GD) matching in the
conventional CCPA degrades efficiency and output power.
Nevertheless, the delay elements in CCPA are essential for
broadband operation.

This article presents the CCPA with negative group
delay circuits (NGDCs) for efficiency enhancement. The
NGDCs are utilized for the GD matching on each loop and
can remove the delay elements at the input and output paths
of the HPA in the balanced power amplifier (BPA). As a
result, it can enhance the overall power and efficiency of the
proposed CCPA.
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2 | DESIGN EQUATION

Figure 1A shows the simplified block diagram of the conven-
tional CCPA. The CCPA based on a BPA consists of two
main power amplifiers (MPAs), which have the same electri-
cal characteristics, bias condition, and input/output matching
networks with the same transistors. The BPA structure is gen-
erally used for higher output power application by power
combination of two MPAs. Input signal cancellation at a sub-
tracter extracts the distortion signals during nonlinear amplifi-
cation of MPA1 in loop 1. The error power amplifier (EPA)
amplifies distortion signals and injects them at the output of
MPA2 through coupler 3. To remove all distortion signals of
MPA1 and MPA2, the injected distortion signals are con-
trolled two times magnitude and out-of-phase with the distor-
tion signals of MPA2 using magnitude and phase control
circuit 2 (MPCC 2). Finally, the linear amplified RF signals
appear at the RF output port. Delay lines (DLs) must be used
for broadband signal cancellation by the GD matching.

In the conventional CCPA, the insertion losses of DLs
2 and 3 reduce the output power of MPAs; in particular, DL
2 affects more than DL 3, because DL 2 reduces the ampli-
fied output signal power of MPA1. Even though the inser-
tion losses of DLs 2 and 3 are small, they cannot be
neglected, because only 0.5 dB insertion loss reduces MPA
output power by as much as 10%.10 As a result, the conven-
tional CCPA has drawbacks such as reduced efficiency and
output power due to the insertion losses of the DLs at the
MPA. In addition, the different locations of DLs 2 and 3 pro-
hibit perfectly balanced amplification of MPA1 and MPA2.

To overcome these drawbacks, the CCPA with NGDCs
is proposed. Figure 1B shows the simplified block diagram
of the proposed CCPA. The proposed structure consists of
BPA, two NGDCs, two MPCCs, three couplers, subtracter,
and EPA. Compared with the conventional CCPA, the pro-
posed CCPA involves two NGDCs, while removing all DLs.
In loop 1, the NGDC 1 utilizes to match the GD between
RFin port-coupler 1-subtracter path and RFin port-coupler
2-subtracter path for input signals cancellation. In loop
2, NGDC 1 and NGDC 2 compensate the GD of distortion
signals in the coupler 2-subtracter-MPCC 2-EPA-coupler
3 path. Finally, coupler 3 injects the amplified distortion sig-
nals by the EPA at the output of MPA 2. The output power
difference between the conventional and the proposed
CCPAs is expressed as

Pconventional_CCPA =PCCPA_NGDC – ILdelay_line2, ð1Þ
where Pconventional_CCPA, PCCPA_NGDC, and ILdelay_line2 are
the output power of the conventional CCPA, the output
power of the CCPA with NGDC, and the insertion loss of
DL 2, respectively.

3 | SIMULATION AND
MEASUREMENT RESULTS

To validate the mathematical analysis, the CCPA with
NGDCs was designed for a wideband code division multiple
access (WCDMA) downlink band operating at 2.14 GHz
(f0). Figure 2 shows the load-pull simulation results of the
Cree Inc. GaN HEMT CGH40010F. Selected bias condi-
tions were VDD = 28 V, VGS = −2.75 V, and IDQ = 200
mA. Optimum efficiency load impedance and second har-
monic impedance are 15.5 + j16.7 Ω and 2 + j250 Ω with
75.8% power added efficiency (PAE) and 40.3 dBm output
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FIGURE 1 Simplified block diagrams of A, conventional cross
cancellation power amplifier and B, proposed cross cancellation power
amplifier with negative group delay circuits [Color figure can be
viewed at wileyonlinelibrary.com]

FIGURE 2 Load pull and simulation results of a single
CGH40010F with bias conditions of VDD = 28 V, VGS = −2.75 V,
and IDQ = 200 mA [Color figure can be viewed at
wileyonlinelibrary.com]
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power at the saturation point. The input fundamental and
second harmonic matching impedances are 3.2 + j0.37 Ω
and 2 + j100 Ω by source-pull simulation.

Impedance matched MPAs are combined with 3 dB quad-
rature hybrid couplers and 20 dB directional couplers for the
CCPA operation. As the measurements, the peak output
power, gain, drain efficiency (DE), and PAE of main BPA are
44.37 dBm, 12.89 dB, 71.3%, and 68% at 2.14 GHz, respec-
tively. Moreover, the measured output power, gain, DE, and
PAE variations over 20 MHz BW are 44.2 � 0.4 dBm,
12.5 � 0.3 dB, 72.1 � 2%, and 68.1 � 2%, respectively.

To obtain the precise GD matching on each loop of
the CCPA, the NGDCs with low signal attenuation are
employed.11 Figure 3 shows the block diagram of a two-
stage NGDC with small signal amplifier (SSA). The single
stage NGDC consists of a 3 dB quadrature hybrid coupler
and two pairs of coupled line resonators. The shorted
coupled line resonator (CLR) with serial resistance generates
the negative group delay (NGD) characteristic. To cancel
distortion signals of MPAs, NGDCs should cover three
times of the operating signal BW at least. Therefore, two
pairs of CLRs were designed at the slightly offset frequen-
cies f1 (<f0) and f2 (>f0) from f0 to enhance the NGD
BW. The SSA was used to compensate the insertion loss of
the NGDC. NGDC 1 and NGDC 2 were designed as a two-
stage NGDC with SSA and a single-stage NGDC without

SSA, respectively. As the measurements, NGDC 1 and
NGDC 2 showed −7.35 � 1.5 and −3.3 � 0.9 ns of NGD,
21.2 � 0.32 and 14.3 � 0.2 dB of insertion loss, and more
than 24 and 17 dB of return losses in the 30 MHz BW. The
NGD values were chosen by the measured GD values as
described in previous, and estimated the tolerances of NGDs
and insertion losses for 50 and 30 dB signal cancellations in
the loops 1 and 2.

To amplify the extracted distortion signals, the EPA was
designed. As the measurement results, the peak output power,
gain, DE, and PAE are 31.27 dBm, 26 dB, 23.43%, and 23.3%
at 2.14 GHz, respectively. Additionally, the measured output
power, gain, DE, and PAE variations are 31.3 � 0.5 dBm,
25.8 � 0.5 dB, 22 � 2%, and 21.8 � 2% in 50 MHz BW,
respectively.

The signal cancellation characteristics of loop 1 measured
from RFin to subtracter output. The signal cancellations are
43.4 � 17.6 and 48.8 � 12.3 dB at 30 and 10 MHz BW,
respectively. In particular, the 10 and 20 MHz BW cancella-
tion performance is enough to cancel out the input signals.
Moreover, the measured GD of the error signal path in loop
2 from NGDC 1 input to coupler 3 output is −0.26 � 1.54
and −1.6 � 3.74 ns in 30 and 60 MHz BW.

Figure 4 compares the measured power spectrum density
result of the proposed CCPA using WCDMA 2-FAs
(10 MHz) downlink signal. Due to the 9 dB peak-to-average
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FIGURE 3 Block diagram of two-stage negative group delay [Color figure can be viewed at wileyonlinelibrary.com]
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FIGURE 4 Compared power spectrum densities of BPA and CCPA with NGDCs using WCDMA 2-FAs (10 MHz) signal [Color figure can be
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power ratio of the used WCDMA signal, the BPA and CCPA
with NGDCs were operated at 35.2 dBm average output
power. Compared with the BPA, the adjacent channel leakage
ratios (ACLRs) of the proposed CCPA are improved by
18, 25, 23, and 20 dB at −10, −5, +5, and +10 MHz offset
points, respectively.

The overall DEs of the BPA and proposed CCPA with
NGDCs were 21.7% and 19.5% with 35.2 dBm average out-
put power. The proposed CCPA has slightly lower efficiency
performance than the BPA, because of the additional DC
power consumptions of EPA, MPCCs, and SSA. However,
the CCPA with NGDCs has better ACLR performance than
the BPA. If the BPA is backed off to obtain the same ACLR
performance as like the proposed CCPA, the efficiency of the
BPA is much lower than the proposed CCPA. From
Figure 1A, it can predict the efficiency of the conventional
CCPA not employing NGDCs by the power reduction of
Equation 1. To compensate the GD mismatching on loop
2, the GD of DL 2 is around 10 ns. When 0.14100 coaxial
cable is used to match 10 ns GD, 1.8 dB insertion loss is
added. As a result, it predicts the DE of the conventional
CCPA to be 12.8% with 33.4 dBm. Even though the conven-
tional CCPA can show similar linearization performance,
its efficiency and output power are much inferior to the
proposed CCPA.

Figure 5 shows the power spectrum density result of the
proposed CCPA using WCDMA 4-FAs (20 MHz) downlink
signal. Compared with the BPA, the ACLRs of the proposed
CCPA with 34.4 dBm average output power are improved
by 12.2, 18.9, 17.7, and 14.2 dB at −10, −5, +5, and
+10 MHz offset points, respectively.

4 | CONCLUSION

In this article, a CCPA with NGDCs for an efficiency
enhancement is proposed. The proposed CCPA is analyzed,

fabricated, and measured at 2.14 GHz with wideband code
division multiple access downlink 2-FAs (10 MHz) and
4-FAs (20 MHz) signals. To verify the efficiency enhance-
ment, two-stage and single-stage NGDCs are realized to
remove delay elements of the conventional CCPA. The mea-
surement results show that the proposed CCPA with NGDCs
has similar linearization and higher efficiency performances
than the conventional CCPA. If the broadband NGDC can
be designed, the proposed CCPA with NGDCs can be appli-
cable to the wireless communication systems.
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