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Abstract — This paper proposes a power amplifier (PA)
correction technique to recover from load mismatch. It utilizes
a main PA, two auxiliary PAs, and a coupler. By adjusting the
input drive levels of the PAs it can recover the output power
and to a great extent the efficiency of the main PA even when
exposed to 2:1 VSWR mismatch conditions. When connected to
50Ω loading, only the main PA is active, for impedances below or
above 50Ω, besides the main amplifier, one of the auxiliary PAs
is also activated. The power generated by the auxiliary PA adds
in phase to the output power of the main PA, as such allowing the
output power to be constant at the expense of a minor efficiency
penalty.

Keywords — Power Amplifier, VSWR, Coupler, Gallium
Nitrite (GaN), HEMT.

I. INTRODUCTION

5G communication systems offer spatial multiplexing
of their mobile users by adopting phased-array/mMIMO
techniques [1]. Unfortunately, the (undesired) antenna mutual
coupling in these systems, yields the feed impedances of
the antennas to change with the beam steering angle.
Power amplifiers (PA) driving the antenna elements are very
sensitive to load changes, yielding performance degradation
in mismatch conditions [2]. Typically, isolators are used to
break the reciprocity of the PA-antenna network, such as
presenting a constant impedance-matched load to the PAs.
However, isolators are expensive and difficult to integrate. To
avoid suboptimal PA performance under impedance mismatch,
tunable matching networks (TMN) [3] are employed for
low-power applications. To reduce the insertion loss of
the TMN and to relax the tuning range requirements, a
combination of a TMN, supply, and input drive adjustment
was proposed in [4]. Supply adjustment was used in [5]
for higher power applications. However, these two latter
techniques require the use of a DC-DC converter that can
adjust the PA supply voltage to the applied mismatch condition
in combination with an input drive adjustment.
In this work, a mismatch adjustment technique is proposed to

recover the main PA performance under load mismatch by only
adjusting the input drive levels of the active devices/PAs. The
presented technique makes use of a main PA, two auxiliary
PAs, namely PAlow, PAhigh, and a coupler (see Fig. 1). The
drive levels of the main and auxiliary PAs are adjusted based
on the applied loading. Three scenarios are considered,

1) RL is 50Ω load, only PAmain is activated as shown in
Fig. 1a
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Fig. 1. The proposed concept of using active auxiliary devices for static load
adjustment. (a) case 1: PAmain is active only to drive the matched load, (b)
case 2: for a load mismatch between 25Ω-50Ω PAmain and PAlow are
active with adjusted input drive levels and (c) case 3, for a load mismatch
between 50Ω-100Ω PAmain and PAhigh are both active with customized
drive level.
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2) RL is between 25Ω-50Ω, PAmain and PAlow are both
active as shown in Fig. 1b. In this operation mode
PAlow adjusts the loading impedance of PAmain. Two
operation modes are possible, namely;

• Both PAmain and PAlow are kept out of voltage
clipping.

• Only PAmain is kept out of voltage clipping.
3) RL is between 50Ω-100Ω PAmain and PAhigh are

both active as shown in Fig. 1c, PAhigh adjusts the
loading impedance of PAmain. Two operation modes
are possible, namely;

• Both PAmain and PAhigh are kept out of voltage
clipping.

• Only PAmain is kept out of voltage clipping.
In the cases that both PAs are kept out of voltage clipping,
the output power can be kept constant at the cost of a (small)
efficiency penalty. In the case that only the PAmain is kept out
of voltage clipping, the efficiency penalty is even less while
the output power only marginally fluctuates.
The outline of this paper is as follows. In section II, the static
load adjustment technique to recover the PA performance is
introduced and the equations for the idealized case are derived
and verified in simulation. In section III a measurement-based
proof of concept is given using a commercially available
coupler and GaN-based evaluation boards. The paper is
concluded in section IV.

II. THEORY
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Fig. 2. The proposed circuit (a) coupler with current sources representing the
PAs and the connected variable load. (b) Z-matrix of the coupler used in the
analysis.

We will assume the use of a coupled line coupler with
the three PA sources connected for analyzing the proposed
concept in Fig. 2a. The Z-matrix [6], [7] is given in Fig. 2b,
where C is the coupling coefficient. The current supplied by the
PAmain and the two auxiliary PAs are represented by current

sources and are IM, Ilow, and Ihigh respectively. We can write
the following voltage equations from the Z-matrix in terms of
IM, Ilow, and Ihigh currents while making use of the relation
VL = ILRL.

VM =
Z0√
1− C2

(−jIlowe
jϕlow +

C2Z0

Rl

√
1− C2

IMejϕM

+
CZ0

RL

√
1− C2

Ihighe
jϕhigh) (1)

Vhigh =
Z0√
1− C2

(−jCIlowe
jϕlow +

CZ0

RL

√
1− C2

IMejϕM

+
Z0

RL

√
1− C2

Ihighe
jϕhigh) (2)

Vlow =
Z0√
1− C2

(−jIMejϕM − jCIhighe
jϕhigh) (3)

VL =
Z0√
1− C2

(−jCIMejϕM − jIhighe
jϕhigh) (4)

From (1), (2), (3), and (4), we can observe that to add
constructively, ϕM and ϕhigh need to be in phase, so we set
them both to zero. Furthermore, the impedances offered to the
PAs should be ohmic. Consequently, ϕlow + 90◦ = ϕM, i.e.,
ϕlow = -90◦. The delivered power (Pout = VL

2/2RL) to the
load is given by,

Pout =
Z2
0

2RL(1− C2)
(CIM + Ihigh)

2 (5)

Furthermore, the resulting impedance offered to the PAs is,

ZM =
C2

1− C2

Z2
0

RL
+

C

1− C2

Z2
0

RL

Ihigh
IM

− Z0√
1− C2

Ilow
IM

(6)

Zhigh =
1

1− C2

Z2
0

RL
+

C

1− C2

Z2
0

RL

IM
Ihigh

− C√
1− C2

Z0
Ilow
Ihigh

(7)

Zlow =
Z0√
1− C2

(
IM
Ilow

+ C
Ihigh
Ilow

) (8)

With these voltages and impedances, we can obtain the driving
profile versus the loading RL, while setting Z0 = 50Ω and C
= 1/20.5,

a) Case 1, RL = 50 Ω: Only PAmain is active
(see Fig. 1a). Therefore, Ilow, and Ihigh are both zero.
Consequently, the impedance seen by the main stage and the
power delivered using (6) and (5) are,

ZM = 50 Ω; Pout =
1

2
I2MRL (9)

As a result of this matched condition, PAmain can achieve
maximum output power and efficiency simultaneously.
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b) Case 2, RL is between 25Ω-50Ω: PAmain and
PAlow are both active (see Fig. 1b). Consequently, Ihigh is
zero. Since, Pout needs to be constant, substitution of RL in
(5) yields the new value of IM. Furthermore, since VM should
not clip after substitution of RL in (1), IM and Ilow are found
as,

IM =

√
Pout2RL

Z2
0

; Ilow =
IM√
2
(
Z0

RL
− VDD√

2PoutRL

) (10)

However, since the voltage Vlow depends on IM its voltage
swing is given as,

Vlow =
√
2Z0IM (11)

Using these conditions the output power can be kept constant
for variation of RL in the interval of 25Ω-50Ω.

c) Case 3, RL is between 50Ω-100Ω: In this case
both PAmain and PAhigh are active (see Fig. 1c). Since, Pout

needs to be constant, substitution of RL in (5) yields the
new value of Ihigh while keeping IM equal to the previously
discussed 50Ω loading condition. Furthermore, since Vhigh

should not clip after substitution of RL in (2), Ihigh and Vhigh

are found as,

Ihigh =
IM√
2
(

√
RL

Z0
− 1); Vhigh = Z0

√
2Z0

RL
IM (12)

Fig. 3. Simulated (a) output power and (b) drain efficiency of the proposed
concept across the Γ range from [-0.333 0.333] with and without the auxiliary
PAs activated.

A. Simulation-based verification of the proposed concept

The proposed concept is verified in simulation using
an ideal 3 dB coupler and ideal class-B operation with all
harmonics short-circuited for the main and auxiliary PAs.
Using the previously derived drive conditions for PAs for the
various loading conditions. Fig. 3a and 3b show the simulated
output power and drain efficiency for a Γ sweep over the real
axis of the Smith chart from [-0.333 0.333]. When avoiding
voltage clipping for both the main PA and auxiliary PAs, as
such ensuring perfectly linear operation, e.g., by using two
constant supply voltages (VDDmain

= 11V and VDDAux
=

15.56V) the RF output power can be kept perfectly constant
at the cost of a (small) penalty in efficiency. Moreover, for the
in-between loading conditions in the range 25−50Ω [-0.333

0.0], and the range of 50−100Ω [0.0, 0.333], the proposed
technique yields significant improvements in both the output
power and efficiency. Note that, using a matching network in
connection to the auxiliary PAs. The proposed concept can
also work with a single supply.
When considering complex varying loads, ideally a
compensating low loss susceptance is placed in parallel
to the presented load (see Fig. 1) [4]. However, since these
are not yet (commercially) available for larger power levels,
an alternative approach is to use a somewhat higher static
supply voltage for the auxiliary PAs compared to PAmain

to accommodate the extra voltage swing, needed to handle
reactive part of the loading without any voltage clipping. It
turns out that this technique only yields a limited efficiency
penalty.

III. PA CONCEPT AND MEASUREMENT

A. Prototype PA Concept

The measurement setup of Fig. 4a was assembled to
validate the proposed concept. Three Cree’s CGH40006P
evaluation boards, housing the 28V 6W GaN HEMT devices,
are used for the main and the two auxiliary PAs. These boards
are broadband matched from 0.8−6.0GHz. The broadband
coupler (0.5−3.0GHz) used in these experiments is from
Innovative power products (IPP-2160). A Keysight M8190A
4-Channel AWG generates the control signals with excellent
phase coherence. These input signals are amplified using
instrumentation amplifiers in the feeds that connect to the PAs.
A Maury load tuner provides the varying load impedance (ZL).
A power meter monitors the RF output power delivered to the
load.

B. Measurement Results

For the VSWR circle measurement, the PAmain operates
with a 17V supply, while the auxiliary PAs uses 21V supplies.
When an auxiliary PA is supposed to be inactive, its gate
voltage is set to −4.1V to switch it off, as such zeroing its
power consumption. While active, the auxiliary PAs operate
at ≈ 65mA quiescent drain current. The measured overall
PA configuration performances, in terms of output power and
drain efficiency at 2GHz, are shown in Fig. 4b, 4c and 5,
respectively. Moreover, the drain efficiency of the overall PA
configuration is calculated as follows.

ηD =
Pout

PDCM
+ PDClow

+ PDChigh

100 % (13)

a) Case 1, ZL = 50Ω: Using a 17V supply, the
PAmain delivers for the matched condition an output power of
33.7 dBm at an efficiency of 51%. When operated standalone
(without coupler etc.), the PAmain efficiency is 59.5% at
an output power level of 34.8 dBm. The reduction in output
efficiency and output power is due to the coupler losses (≈
0.7 dB) and the losses in the outputs of the auxiliary PAs
when they are switched off (their gate voltages set to −4.1V).
Yielding a total loss of 1.3 dB. The loss can be reduced by
co-designing the PAs with the coupler in future work.
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Fig. 4. (a) Test setup used to evaluate the proposed PA load adjustment concept using a commercially available coupler and evaluation boards. Measured (b)
output power and (c) drain efficiency of the proposed concept across the whole 2:1 VSWR circle in phase steps of 45◦ with and without the auxiliary PAs
activated. Also shown is the standalone PA performance for the same loading conditions.

Fig. 5. Measured drain efficiency vs. output power of the proposed concept
across the whole 2:1 VSWR circle in phase steps of 45◦ with and without
the auxiliary PAs activated.

b) Case 2: When the proposed PA configuration is
exposed to a 2:1 VSWR loading condition with 45◦ phase
steps of ΓL when the auxiliary PAs are not activated, the
PA output power varies more than 3 dB (see Fig. 4b). Also,
the efficiency is degraded (see Fig. 4c). Using an intelligent
activation scheme for the drive levels of the main and auxiliary
PAs, the PA output power can be significantly enhanced (see
Fig. 5 and 4b), yielding a variation of only 0.6 dB worst case
(see Fig. 4b). Also, while improving the output power, the
overall efficiency of the PA configuration has been enhanced
(Fig. 4c) at some of the ̸ ΓL points. Furthermore, the reduced
efficiency is linked to the extra bias current required by the
auxiliary PAs when active and the complex loading across
both the main and auxiliary PAs. However, the worst-case
efficiency degradation due to the varying load is only 8.5%
with reference to the 50Ω loading. In a more advanced
implementation, an impedance sensor [4] in combination with

a variable gain pre-driver stage can be used to control the main
and auxiliary PAs input drive dynamically. Note that in case
of fast-changing VSWR conditions, smooth transitions (soft
turning on and off the Aux. PAs) must be applied to avoid
discontinuities when making the transitions in activation of
the various PAs.

IV. CONCLUSION

This paper proposes an active load adjustment technique
to recover the power amplifier (PA) performance due to load
mismatch. Using a combination of the coupler, main PA, and
auxiliary PAs and an intelligent driving scheme, the PAs output
power and efficiency can be simultaneously enhanced under
varying loading conditions. Since the proposed technique only
relies on adjustments of the input signals, it is suitable for
applications with very fast-changing loading conditions.

REFERENCES

[1] A. Hassanien and S. A. Vorobyov, “Phased-MIMO Radar: A Tradeoff
Between Phased-Array and MIMO Radars,” IEEE Trans. Signal Process.,
vol. 58, no. 6, pp. 3137–3151, 2010.

[2] C. Fager, T. Eriksson, F. Barradas, K. Hausmair, T. Cunha, and J. C.
Pedro, “Linearity and Efficiency in 5G Transmitters: New Techniques for
Analyzing Efficiency, Linearity, and Linearization in a 5G Active Antenna
Transmitter Context,” IEEE Microw. Mag., vol. 20, no. 5, pp. 35–49, 2019.

[3] D. Ji, J. Jeon, and J. Kim, “A Novel Load Mismatch Detection and
Correction Technique for 3G/4G Load Insensitive Power Amplifier
Application,” IEEE Trans. Microw. Theory Techn., vol. 63, no. 5, pp.
1530–1543, 2015.

[4] G. D. Singh, H. M. Nemati, and L. C. N. de Vreede, “A Low-Loss
Load Correction Technique for Self-Healing Power Amplifiers Using
a Modified Two-Tap Six-Port Network,” IEEE Trans. Microw. Theory
Techn., vol. 69, no. 9, pp. 4069–4081, 2021.

[5] C. F. Gonçalves, F. M. Barradas, L. C. Nunes, P. M. Cabral, and J. C.
Pedro, “Optimal Supply Voltage for PA Output Power Correction under
Load Varying Scenarios,” in 2020 IEEE/MTT-S International Microwave
Symposium (IMS), 2020, pp. 107–110.

[6] T. Jensen, V. Zhurbenko, V. Krozer, and P. Meincke, “Coupled
Transmission Lines as Impedance Transformer,” IEEE Trans. Microw.
Theory Techn., vol. 55, no. 12, pp. 2957–2965, 2007.

[7] D. Munzer, N. S. Mannem, E. F. Garay, and H. Wang, “Single-Ended
Quadrature Coupler-Based VSWR Resilient Joint mm-Wave True Power
Detector and Impedance Sensor,” IEEE Trans. Microw. Theory Techn.,
vol. 70, no. 5, pp. 2802–2814, 2022.

214
Authorized licensed use limited to: TU Delft Library. Downloaded on September 01,2023 at 07:02:39 UTC from IEEE Xplore.  Restrictions apply. 


