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Power-Amplifier Stabilization Through
Out-of-Band Feedback
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Abstract—This letter presents a power-amplifier (PA)-
stabilization technique based on the low-frequency out-of-band
feedback. The proposed structure replaces a conventional
stability network to ensure unconditional stability at the fre-
quencies up to the radio-frequency (RF) operating band, with the
in- and above-band frequencies stabilized through the matching
network design. The approach offers an alternative to inserting
the lossy components in the RF signal path, which can signifi-
cantly degrade the realizable in-band gain of the amplifier. The
900-MHz proof-of-concept PA based on a 10-W gallium-nitride
(GaN) device is characterized under the continuous-wave (CW)
and Wideband Code Division Multiple Access signal (W-CDMA)
excitations and realizes 25.6-dB small-signal gain and 73% power
added efficiency (PAE) at P3dB.

Index Terms—Baseband, gallium nitride (GaN),
amplifiers (PAs), radio frequency (RF), stabilization.
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I. INTRODUCTION

OWER-amplifier (PA) stability is a nonnegotiable require-

ment among a performance trade space of gain, linearity,
efficiency, and bandwidth. Stability is typically ensured by the
stabilization networks incorporated into the input match and
the gate bias line and designed to suppress the frequency-
dependent gain of the device in and/or out of band, thus pre-
venting the oscillations caused by the nonunilateral nature of
the device [1]. While the out-of-band gain reduction does not
incur a performance penalty, the stability network inevitably
also degrades the in-band gain due to its insertion loss.

In this letter, we demonstrate a new approach to single-
stage PA stabilization, which eliminates the need for a conven-
tional stability network. A low-frequency feedback network is
embedded in the gate and drain bias lines of the PA to control
the stability response up to the radio-frequency (RF) operating
frequency. This approach produces a stable PA without the
need for lossy elements in the RF signal path, realizing a
PA gain closer to the GMax of the device [2]. A stabilization
network connecting the bias networks together in out-of-band
feedback has not been previously demonstrated and represents
a novel approach to stabilization. While resistive feedback
is employed in some amplifiers at the expense of gain [3],
[4], by restricting the compensation to out of band, the RF
performance of the device is not compromised.
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Fig. 1. Equivalent circuit and block diagram of the out-of-band feedback
stabilized PA. The forward path “plant” comprises the transistor and passive
matching network (P;(s) and P,(s)) responses, including the internal transis-
tor feedback H (s). The feedback transfer function F(s) combines the effects
of the coupling network and filter A(s) and is designed as low pass to avoid
perturbing the RF signal path.

The proposed technique is demonstrated here with
a 900-MHz prototype single-stage PA. We note that we use
the conventional small-signal assumptions under which the
k-factor applies, as is typical in the single-stage PA design.
Analysis treating parametric oscillations requires nonlin-
ear techniques that are the subject of significant research
interest [5] but are a category of the stability problem outside
the scope of this letter.

II. THEORY

We treat PA stability in three distinct regions of operation:
below the operating band, where the out-of-band feedback will
operate; within the operating band, where conditional stability
is allowed [1]; and above the band, where unconditional sta-
bility is ensured through the output matching network design.
The single-stage PA is modeled as shown in Fig. 1, where
the transistor is treated as a frequency-dependent forward
gain path with a local feedback path dominated by Cgq. The
gain of this “plant” is also dependent on the impedances
presented at the source and the load by the input and output
matching networks (IMN and OMN). In-band and above band
(i.e., for f > fp), the system behaves as a standard RF PA.
At frequencies below fy, we introduce a feedback network,
F(s), to control the stability, treating the existing PA as a
minor loop.

The prototype PA design, described in detail in Section III,
is based around the large-signal model of the packaged
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Simulated Nyquist plots based on the large-signal model under small-signal excitation. (a) Base PA without feedback, terminated in the

nominal 50-Q Z; .. (b) PA with feedback, terminated in the nominal Z; .. (c) PA with feedback and with the RF input and outputs terminated in

Zp se = 0.1 4+ j50 Q. (d) Bode plots of the three cases.

CG2H40010F device from Wolfspeed, making exact expres-
sions for G(s) and H (s) unknown. Therefore, Nyquist stability
analysis based on the simulated loop transfer functions formu-
lated as voltage ratios is an appropriate tool [6]. To ensure
minor loop stability and stability above the operating fre-
quency of the feedback loop H(s), the matching networks
of the base PA (i.e., without feedback) are designed to ensure
there will be no right-half-plane (RHP) poles. In practice, this
means that the IMN and OMN are designed without high-Q
resonant networks. Fig. 2(a) shows the simulated transfer
function of the forward path, i.e., the voltage ratio V,/V,
referring to Fig. 1, when the RF input and output ports are
terminated in 50 Q. Because there are no RHP poles in the
forward path, the four encirclements of the —1 point indicate
an unstable system [6].

To correct the instability, a feedback path is introduced
through the coupling capacitor Cip and the transfer func-
tion A(s) [Fig. 1]. The A(s) network is designed to mod-
ify the loop transfer function such that the negative x-axis
crossings in the Nyquist domain occur to the right of the
—1 point, eliminating the encirclements. In general, this can
be accomplished through an appropriate combination of atten-
vation, lead, and/or lag networks [6]. Here, A(s) is a 30-dB
attenuator with a third-order resonant low-pass filter to ensure
that its roll-off occurs at approximately 300 MHz, below the
RF operating frequency. We note that the overall transfer
function F(s) is determined by a combination of A(s) and
the coupling networks Cir and Ly [Fig. 1]. The combined
low-pass natures of these transfer functions mean that the
PA behavior will be unaffected above the F(s) cutoff
frequency—here approximately 300 MHz.

The effect of the feedback can be observed in Fig. 2(b),
which shows the Nyquist plot when the feedback is included,
and in the corresponding Bode plot in Fig. 2(d). We note that
these figures show the closed-loop transfer function, V,/V,
(Fig. 1), and not the RF forward voltage gain, Vou/ Vin,
of the PA. With the feedback, the system becomes stable with
a phase margin of 33° when the RF input and output are
terminated in the nominal 50 Q. Stability is also evaluated
for an example case, where the input and output are reactively
terminated (Zg.. = Z; = 0.1+ 750 Q) [7]. This case is shown
in Fig. 2(c) and (d), indicating a stable loop response with
a 24° phase margin.
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Fig. 3. Simulated k-factor with and without feedback.

Unconditional stability in response to the source and load
variations is generally described using the k-factor, and the
addition of the feedback path F(s) does not invalidate this
analysis technique. The k-factors for the PA with and without
feedback are compared in Fig. 3 over the valid frequency range
of the device model. In addition to the feedback enforcing
k > 1 up to the operating frequency, an improvement in the
in-band is observed for the PA with feedback, which is
attributed to the loading effects of Ciz. Because the termi-
nations will be well controlled over the operating frequency
range, conditional stability is allowed from 300 to 1050 MHz.
Above this band, the device gain combined with the losses in
the IMN and OMN produces unconditional stability.

III. PROTOTYPE DESIGN AND MEASUREMENT

A 900-MHz PA based on the CG2H40010F device from
Wolfspeed is implemented on the 30-mil RO4350B substrate
to demonstrate the feasibility of the proposed out-of-band
feedback stabilization technique. The PA is biased in class AB
with a 100-mA quiescent current. Single-stub matching net-
works and 100-pF dc blocking capacitors on both the gate and
drain of the transistor realize the Z; = 20.37+ j19.75 Q and
Zge = 49.68 + j1.25 Q target impedances. The matching
network topology is selected to ensure that no RHP poles
exist within the base PA. The feedback structure A(s) is
implemented using a z-pad attenuator and a low-pass filter
with a resonance at 511 MHz, as shown in Fig. 4. The corner
frequency of the high-pass coupling networks formed by Cip
and L is designed to be low (470 Hz) to ensure that the
feedback network controls stability as close to dc as possible
while still providing dc blocking.
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Fig. 4. Prototype amplifier as fabricated. (a) Feedback structure schematic.
(b) Populated prototype amplifier board (9.14 cm x 11.43 cm).
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Fig. 5. Calculated k-factor of the PA with a feedback network based on

S-parameter measurements and simulation.

A measured k-factor is computed from the measured
S-parameters and is shown compared with simulation in Fig. 5.
At high frequencies, the k-factor of the measured amplifier is
consistent with simulation, but the in-band and below-band
responses vary significantly. In-band, the PA has a measured
k-factor greater than 1 that is most likely due to the reduced
forward gain in measurement compared with simulation that
can be observed in Fig. 6. At low frequencies where the
feedback network operates, the measured k-factor is greater
than 1, as expected. The discrepancy between measurement
and simulation is due to higher measured S,;. The lowest k-
factor occurs around 300 MHz, corresponding to the cutoff
point for the stabilizing filter, and therefore the frequency
at which the stabilization mechanism has the least effect on
performance. Nonetheless, the measurements confirm uncon-
ditional stability produced by the feedback network.

Fig. 6 reports the gain and power added efficiency (PAE)
of the stable amplifier and compares the measured results to
simulation. The measured results compare favorably with the
simulated results for both output power and PAE, while the
measured gain is lower than simulation by 1.5 dB. When
excited by a 3.84-MHz Wideband Code Division Multiple
Access signal (W-CDMA) signal at 900 MHz with an average
output power of 31.5 dBm, the PA remains stable with the
output spectrum shown in Fig. 7.

Although direct comparison with other works is challenging
due to the nature of this approach and the stability focus of
this proof-of-concept work, we note that the gain reported in
this letter is substantially higher than that in the state-of-the-
art gallium-nitride (GaN) PAs at similar frequencies and power
levels, as summarized in Table I. For example, [10] and [13]

[55]
(=
T

Gain (dB)
b1

2 | . AN
10 16 22 28 34 40
P  (dBm)
out
Fig. 6. Simulated and measured CW gain and PAE of the amplifier with

feedback at 900 MHz with a peak envelope power at P3dB.
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Fig. 7. Measured output W-CDMA spectrum with a peak-to-average power
ratio (PAPR) of 10 dB and an average drain efficiency of 30.56%.

TABLE I

PERFORMANCE SUMMARY AND COMPARISON
WITH GaN PAS IN THE LITERATURE

Ref. Class Freq. (MHz)  Gain (dB) Max. Eff. (%)
[8] E 600-1000 18-15% PAE: 80-75%*
[9] B/ 1000-3000 13-10% DE: 68.0-50.0*
[10] Harm. Opt. 1250 14.5% DE: 80*
[11] EFJ 1200-3600 10.5-12.8 DE: 63-73
[12] AB 700-5900 17-19% PAE: 37-38
[13] AB 850 14.6 PAE: 55
This work AB 900 25.6 PAE: 73

* — read from graph

report more typical gain values for 10-W GaN PAs on the
order of 15 dB at frequencies near | GHz. Even accounting
for the device technology differences, the gain of the presented
work is 6-10 dB higher than that for typical GaN PAs, while
PAE is typical for the class of operation.

IV. CONCLUSION

This letter demonstrates a novel PA-stabilization technique
that results in a high small-signal gain. Because the technique
is applied as a network between the gate and drain bias lines,
no lossy elements are introduced into the RF signal path. The
proof-of-concept PA operates at 900 MHz with a small-signal
gain of 25.6 dB, close to approximately 27-dB maximum
stable power gain specified by the device manufacturer at
this frequency [2], while remaining unconditionally stable
over all frequencies under small-signal conditions as verified
through the S-parameter measurements of the final amplifier.
Large-signal measurements of the PA show typical class-AB
performance, with 73% PAE at a 40-dBm continuous-wave
(CW) output power.
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