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Abstract>

This paper presents a large-signal analysis of radiofrequency power amplifier (PA) efficiency under the constraint of con-
jugate output matching. The study shows that in intrinsically low-efficiency operating regimes such as class-A, enforcing
conjugate output matching leads to a factor-of-two reduction in efficiency with respect to an equivalent unmatched design,
in agreement with the literature. However, when the amplifier is operated in class-AB and beyond, the efficiency penalty
is reduced. Consequently, by appropriately adjusting the drive level and the PA bias point, it is possible to realize an
output-matched PA with efficiencies comparable to those of unmatched designs. In addition to the analytical treatment, a
practical topology and a design methodology for achieving the required output matching are presented. The findings are
validated through transistor-level simulations of both bipolar and MOS RF amplifier designs.

Keywords RF PA - Output matching - Efficiency - Conjugate matching - PAE - Power amplifiers - Feedback - Shunt-

Shunt feedback

1 Introduction

In the design of power amplifiers (PAs), maximizing the
efficiency is one of the most critical design targets. This
is true for PA design in general, and, in particular, for the
design of PAs for radiofrequency (RF) applications. At RF,
the requirement of output matching may also come into
play, for example, to provide a well-defined impedance to
the following building blocks in the signal path, or to avoid
reflections at the PA output interface.

However, by the maximum power transfer theorem,
implementing conjugate output matching in a PA is gener-
ally considered to halve the overall efficiency in any regime
of operation, therefore capping the maximum (ideal) attain-
able efficiency of PAs to 50% (Fig. 1) [1, 2]. For this rea-
son, output matching is generally avoided and external
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components, such as circulators, are used to limit reflections
at the output.

Let us consider a class-A tuned power amplifier, whose
small-signal model is shown in Fig. 2. A primary reason why
matching decreases efficiency is that selecting the amplifier
load (Rp) to conjugately match the output impedance of the
amplifier (7, in the figure) does not optimize the load-line
of the device. Since transistors typically exhibit a large out-
put impedance, conjugate matching leads to a lower satu-
rated power and, consequently, to a reduced efficiency [3]
(Fig. 3).

A second problem is that, even in the case the output
impedance of the PA is the optimal impedance for power
matching (e.g., 7, is low enough to be comparable to the
optimal load for a target output power), only half of the
available power is transferred to the load. To maximize
power transfer, the transistor must behave as an ideal trans-
conductor (r, > Ry), in which case all the power is deliv-
ered to the load. However, this condition results in a poor
output return loss. If it is assumed that the output impedance
of the amplifier, 7,, is matched to the load of the ampli-
fier, R, by virtue of the maximum power transfer theorem,
the same amount of power is dissipated in the load and in
the output resistance of the amplifier. As a result, the effi-
ciency is halved. Indeed, this is the case if output matching
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Fig. 1 Graphical visualization of the effect of output matching on the
efficiency of an RF PA

is achieved by adding a termination resistor or by leveraging
the losses in the PA output network. However, this result
is derived at small-signal, while power amplifiers operate
at large-signal. Moreover, it is worth asking if the result is
the same whether the output matching is due to the intrinsic
finite output resistance of the active device, or it is achieved
using resistive feedback.

In [4], a large-signal analysis of an output matched bipo-
lar RF amplifier is presented, showing the PA behavior
under conjugate output matching from a different perspec-
tive. A simple model is derived to describe the large-signal
behavior of any device that operates as a transconductor.
The model includes the effect of a finite output resistance.
All the parasitic elements of the device are neglected, as
their inclusion would not only unnecessarily complicate the
analysis, but also make it more difficult to isolate the effect
of the output matching on the efficiency from the losses
caused by the parasitics. Based on this model, a large-signal
analysis is performed to derive the efficiency of a tuned RF
power amplifier in which the conjugate output matching is
given by the finite output resistance of the active device.

By comparing the obtained results to the case of a PA in
which the active device behaves as an ideal transconductor,
we see that, while in class-A operation the output matching
leads to a decrease of the efficiency by a factor 2 in agree-
ment with the literature [1, 2], in more efficient regimes of
operation (class-AB, class-B and beyond), the efficiency

Fig.2 Small signal model for a
class-A tuned PA
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Fig.3 Graphical visualization of Pin — Pour relationship in a RF PA
under conventional output conjugate- and power-matching [3]

penalty due to the output matching decreases. The condi-
tions under which the output matched PA can display an effi-
ciency comparable to an unmatched design are also derived.
In this work, the analysis reported in [4] is reviewed and
extended to amplifiers implemented using MOS transistors.
Even in this case, at small-signal, the output matching halves
the maximum attainable efficiency, but, at large-signal oper-
ation, the efficiency penalty is reduced. Therefore, it is pos-
sible to derive the input drive level that restores efficiency
to a value comparable to an unmatched PA. The presented
results are validated through transistor-level simulations.

2 Analytical framework description

To better contextualize the aim of this work, consider the
amplifier of Fig. 4, which shows a typical implementation of
a tuned RF amplifier. The PA is designed to deliver a certain
target output power to an external load Ry, (e.g., an antenna,
a transmission line, another stage,...), characterized by a
well-defined impedance (typically 50 (2). Since in power
amplifier design the maximum attainable output power
is limited by the supply voltage [1-3], achieving the tar-
get power generally requires an impedance transformation
such that R} < Ry. The external load is therefore trans-
formed into the optimal load of the amplifier (22,,;) through
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Fig. 4 Typical tuned RF PA
implementation
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Fig. 5 Representation of the output matching achieved through an
explicit resistive termination at the collector

an appropriate, ideally lossless, output matching network.
This condition is commonly referred to as the "load-line" or
"power matching" condition [3].

In Fig. 4, the external load is transformed to R} = Rt
using a doubly-tuned transformer-based matching network.
As discussed in [5], the network can be tuned so that at wy
it behaves as an equivalent parallel resonator, where the
equivalent parallel resistance can be set to be equal to the
optimal load by appropriately selecting the turn ratio of the
transformer, n? = Ly/L;. In the analysis presented in this
work, we will implicitly assume that the parallel resonator
that loads the PAs (Figs. 6 and 11) models this condition.

Referring to the circuit of Fig. 4 (left), the output imped-
ance of the amplifier, Z,,;, is defined as the impedance seen
when looking into the amplifier from the external load. At
resonance, Zoy,:(wo) & Roy: 1s equal to the intrinsic tran-
sistor impedance (7,), scaled by the transformation ratio of
the network. If the amplifier behaves as an ideal transcon-
ductor (r, > R’), the output impedance will be high, typi-
cally limited by the unloaded quality factor of the matching
network. In this condition, the output return loss of the PA,
defined as T', = |(Rr, — Rout)|/(RL + Rout), is generally
poor (> —10 dB).

To avoid reflections, increase bandwidth, and facilitate
system integration, conjugate output matching is often
required in power amplifiers. A straightforward solution to
achieve output matching is to add an explicit resistor equal
to the optimal load (£2,,¢) at the collector of the amplifier (in
parallel with r,), leading to the condition shown in Fig. 2.
In this case, the primary resonator is loaded by the correct
impedance and the equivalent transformed output resistance
is, ideally, equal to the external load, resulting in output con-
jugate matching (Fig. 5). However, achieving matching by
simply adding a resistive termination causes a reduction in
efficiency by a factor of two, as discussed in Section 1.

Fxtornal load

In practice, real transistors, especially high-power
devices, can exhibit output impedances as low as a few
Ohm [6-10]. These values are comparable to typical opti-
mal load-line impedances for power matching. Therefore,
simultaneous load-line and conjugate output matching can
occur.

What is the efficiency of the PA in this specific case? Is the
efficiency of the PA halved? The aim of this work is to inves-
tigate the efficiency of tuned RF power amplifiers in which
the device output impedance matches the load (7,4 = Rr).
The proposed analysis follows the classical framework used
to compute the efficiency of transistors [1-3], based on the
calculation of the large-signal collector/drain current har-
monics of an ideal transconductor (7,,: — 00) that are then
used to derive the peak collector/drain efficiency in class-A,
class-AB, class-B, and class-C operation. Here, the analysis
is extended to include a finite device output resistance. This
resistance is modeled by the Early effect for bipolar transis-
tors and by channel-length modulation for MOSFETSs, under
the constraint that the resulting 7, equals the PA load, Ry,.

3 Large-signal analysis of an output-
matched tuned RF PA

We consider a tuned RF PA, in which the active device
behaves as a transconductor. Therefore, in the following
analysis, the switching modes of operation will not be con-
sidered. A conceptual schematic of a bipolar common-emit-
ter tuned PA is shown in Fig. 6. Ideal choke inductors are
assumed to provide the bias voltages to the transistor, while
ideal capacitors couple the source and the load to the ampli-
fier core. It is assumed that Ry, is the optimal load of the PA
and can be obtained with a proper output matching network,
but no assumption is made on the value of Ry. Moreover,
it is assumed that the base of the transistor is driven by an
ideal voltage generator, therefore, v;,, always refers to the
voltage waveform at the base-emitter junction of the device.

A high-quality factor resonator shunting the load resistor
is assumed to filter out all the higher frequency components
of the output voltage. As a consequence of these assump-
tions, a single-tone input voltage of amplitude 17m generates
a base-emitter voltage
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Fig. 6 Conceptual schematic of a bipolar common-emitter tuned
power amplifier
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Fig. 8 Block diagram of the collector current distortion mechanism
due to the finite output impedance

vpE (t) = Vagg + Vin cos (wot) (1)

where Vg, is the quiescent base-emitter voltage, and, cor-
respondingly, a collector-emitter voltage

vep (t) = Voo — 170 cos (wot) 2
where Vo is the supply voltage, and IA/O is the amplitude

of the output voltage, i.e., the voltage across the load Ry..
The extrinsic collector current is written as
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where i¢(t) is the intrinsic collector current, i.e., the collec-
tor current of transistor with infinite output resistance. The
Early voltage, V4, models the finite output resistance of the
transistor. A coarse sketch of the output characteristic of the
device is shown in Fig. 7.

Combining (3) with the relationship between i, (t) and
vog(t) set by the load, we derive the block diagram shown
in Fig. 8, where A(?) is the impulse response of the tuned
load. The inspection of the block diagram shows that the
finite output impedance of the transistor (i.e., V4 < 00)
causes a distortion of the output current waveform due to
the mixing of the harmonics of i () with a scaled version
of vep(t).

Both i (t) and i((t) can be expanded in Fourier series,
with Fourier coefficients I, and I, respectively. By com-
bining (2) and (3) we obtain

()= 3 T
k

5 e 1y oo Boetaeny O
h P’ k Va Va 2

and, consequently,

V. 1V,
Ié:]k <1—|—‘§f> —57:(1164_1 +Ik_1) %)

Where I}, represent the folding of the current harmonics.
The amplitude of the output voltage is

V, = Rp2I, (6)

where the factor 2 is due to the used bilateral Fourier series
expansion. The maximum output voltage swing, ‘A/Oymax, is
limited by the supply voltage and the knee voltage, Vi, [3]:

Vo,max = VCC - VK (7)

Note that, for a bipolar transistor, Vi is the collector-emitter
voltage in saturation, while, for a MOS device, it can be
approximated by the overdrive voltage at the maximum out-
put current V2%,

To quantify the impact of the output matching, we make a
coarse approximation. Since in class-A operation the maxi-
mum current swing, 217, is equal to the bias current, the
matching condition leads to

Ru=g5 8)
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As a consequence, when the output voltage swing is maxi-
mum, from (6), (7) and (8) we obtain

RLQI{ =Voc—Vk =Vy )
The maximum PA (collector) efficiency is

’ 1 . 2IiVomﬂax /

— = !

(10)
where ny =1I;/I; is the current efficiency and
N, = 1 — Vi /Vec is the (maximum) voltage efficiency of
the amplifier. The latter is independent of the value of the
transistor output resistance, such that the impact of output
matching on the PA efficiency is to be evaluated in terms of
current efficiency.

To compare in a fair fashion the efficiency of the matched
PA with the case the transistor behaves as an ideal transcon-
ductor, the output voltage swing has to be maximum in both
cases. Using (6) and (7), this yields the constraint

Vee — Vi

I=1I= T (11)

4 Efficiency analysis of an output-matched
bipolar amplifier

In an amplifier using bipolar devices (Fig. 6), we recall [11]
that the intrinsic current harmonics can be expressed as

I = Ise"?2e/V7 By (x)

(12)

where Ig is the saturation current of the transistor, Vi is
the thermal voltage, By (z) is the modified Bessel func-

tion of order &, and =z = ‘A/m /Vr is the normalized input

1

0.8}

0 1 2 3 4 5
X = ‘/m/VT
Fig. 9 Bipolar device current efficiency n;(x) as a function of the

input normalized voltage amplitude x, and corresponding value of the
current efficiency 7 (z”)

voltage amplitude. Substituting (12) in (5), we observe
that, assuming the same bias for both the unmatched and
the matched PA, to satisfy (11) the matched PA must be
driven with a normalized input voltage, z’, which is differ-
ent than the normalized input voltage of the unmatched PA,
x. Using (5), (7), (9) and (12), (11) is recast as

o Voo Ba(a') + Bo(z')
(o) (14 520 ) - PR gy

(13)

which can be (numerically) solved to get, for any value of x,
the corresponding value of z’. The foregoing analysis leads
to write 07 (x’) as

Ko (x'
nr(z') (1 + VC‘(/;C—CVK> - 22( :

T )

np(e') = (14)

where 1y = I; /I = B1/By is the current efficiency of the
unmatched PA and Ky = I5/Iy = By/By. We can now
evaluate the impact of the output matching on the (maxi-
mum) current efficiency of the PA. In Fig. 9, the efficiency,
nr(zx), of the unmatched PA is shown as a function of x.
As x increases, the PA transitions from small-signal regime
to optimal class-A operation (n;(x) = 50%), to class-AB,
to class-B (n;(xz) = 79%), and, beyond, into class-C opera-
tion (n7(z) — 100%). For any value of x, the corresponding
value of 2’ is computed solving (13) using MATLAB numer-
ical equation solver and 7} (z') is evaluated using (14). To
obtain a numerical solution, it is necessary to select a value
for 1/nmy, = Voo / (Voo — V). In this investigation, it was
selected 77, = 0.96. This choice will not affect the generality
of the plots.

The result is reported in Fig. 9: enforcing the output
matching indeed decreases the attainable PA efficiency in
any regime of operation. However, while at small input sig-
nal levels the efficiency decreases by a factor 2, in agree-
ment with the discussion in [1, 2], at higher driving levels,
the efficiency penalty is reduced.

The data reported in Fig. 9 can also be rearranged to
obtain the plot shown in Fig. 10, namely the (maximum)
efficiency of the matched PA, 7} (), vs. the (maximum)
efficiency of the unmatched PA, 7;(x).

Once again, we observe that, as long as the PA operates in
class-A, the output matching halves the amplifier efficiency,
while, if the PA is pushed into a more efficient regime of
operation, the efficiency penalty due to the output matching
decreases. Figure 10 also suggests that if we drove harder
the matched PA (that is, with a higher input signal level),
it is possible to reach efficiency levels comparable to those
obtained by the unmatched PA. Note that this would not be
possible if the output matching decreased the efficiency by a
factor 2 in every regime of operation.
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Fig. 10 Bipolar device current efficiency 0} (z’) as a function of iy
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Fig. 11 Conceptual schematic of a MOS common-source tuned power
amplifier

5 Efficiency analysis of an output-matched
MOS amplifier

The analysis presented in Section 4 will be extended to the
case where MOS devices are used (Fig. 11). For simplic-
ity, the transistors are assumed to follow the ideal quadratic
I-V law and to operate in saturation when turned on. Only
nMOS devices are considered, as the extension to pMOS is
straightforward. Subthreshold operation will be neglected.
Consequently, the drain current can be expressed as

; Bu (Vas(t) — Vem)2, V. 0
ip(t) :{ ¢ (Vg{j(g)o i), Vov > (15)

where [3,, is the current factor of the transistor, Vi is the
threshold voltage and Voy = Vs, — Vrp is the overdrive
voltage, with Vg5, being the quiescent gate-source voltage.

@ Springer
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Fig. 12 Graphical visualization of the conduction angle definition

5.1 Derivation of the intrinsic current harmonics of
a MOS transistor

As for the bipolar device, the input waveform is modeled as
Vas(t) = VGS’Q + ‘//\;n cos (th) (16)

Since, contrarily to bipolar transistors that are never really
off, the MOS transistor can be turned off (recall that sub-
threshold operation is neglected), it is useful to introduce
the conduction angle as the angle ® = wyAt during which
the device is conducting (Fig. 12).

When Vo > 0, the amplifier operates in class-A as long
as the normalized input signal amplitude,

‘/}i'n
r=—-" 17
Vor] (17)

is less than or equal to unity (x < 1). Ifz > 1, the amplitude
of the input voltage is large enough to turn off the transis-
tor during a portion of the period of the input signal, corre-
sponding to class-AB operation (7 < ® < 27). Forz — oo,
class-B operation is reached (® = ).

When Vpy < 0, the transistor is off at the quiescent
point. Consequently, class-C operation is obtained, cor-
responding to a conduction angle & < 7. In this case, for
x < 1 the transistor never turns on. As x is increased above
1, the conduction angle progressively increases.

In summary,

Class-A: Voy >0,0<z <1, (®=2m)

Class AB : Voy >0,z>1, (m < ® < 27)

Class-C: Voy <0,z > 1, (0<® <) (18)
Device turned off : Voy <0, 2 <0, ( =0)

Similarly to the analysis carried out in Section 3, the intrin-
sic drain current in Fourier series can be expanded as

in(t) = Y I = 53, 3 Gue) (19)
k k



Analog Integrated Circuits and Signal Processing (2025) 125:42

Page70of 17 42

where C (z) is the k-th normalized current harmonic, which
will now be derived.

When Voy >0, and 0 < x <1, by substituting (16)
into (15), we obtain:

Cola) = 1+ 3a?, (20)

Notice that, if the current efficiency 1y = C1/Cy with (20)
is computed, for x =1 we obtain n; = 2/3. This result
may seem to clash with the common knowledge that the
maximum efficiency for class-A operation is 50%. The dis-
crepancy is due to the fact that, classically, the analysis of
class-A operation is carried out assuming that the amplifier
operates in small-signal regime until the amplitude of the
first-harmonic of the drain current is equal to the quiescent
drain current [2]. Referring to (20), the latter condition
occurs for z = 1/2, not for x = 1. For x = 1/2, n; ~ 44%,
slightly lower than the classic 50% maximum efficiency for
class-A operation. The decrease of the efficiency predicted
using (20) is due to the increase of the average drain current
with respect to the quiescent value due to the quadratic dis-
tortion in the I-V characteristic of the MOS transistor. For
1/2 < x < 1 the device is still always on, but it is operating
in a slightly more efficient regime of operation than classic
class-A.

The Fourier expansion when z > 1 (i.e., operation from
class-AB to class-C) is computed taking into account that
the transistor is off for part of the period of the input signal.
Following the approach in [12], it is possible to write:

_ D

X 1)

ip(t) (Vov — Vin cos (wot))?rect (%t)

The conduction angle is related to the normalized input as

1
$d = 2arccos (—7) (22)
T

L s SR

0.8 V.0

— 067}
=

~

S 04}

0.2f

0
107

107" ) 109 10’
T = V;ln/VOV

Fig. 13 Intrinsic current efficiency of the MOS amplifier

Using (22), (21) can be recast as

ip(t) = %‘Zﬁ(cos (wot) — cos (%))iect(%) (23)

Equation (23) can be expanded in Fourier series [12],
obtaining:

ome (D] (2)
_ % cos (%) [Sinc <%(l¢ - 1)) + sinc <%(k + U)}

N % {Smc (%(k _ 2)) + sinc (%(ls + 2))}

It is useful to explicitly write (24) for k =0, 1, 2:

24

2

: ® @ 3
Co(z) = % (5 + Zcost‘b - Zsin@)

#?[3 (0 1 P 1 . (30
Cy(z) = - {Z sin <§> — §<I>c05 <5> + Th (7”

2
Colz) = 49;7 [6® — 8sin ® + sin(20)]

(25)

The current efficiency, n;(z) = C1/Cy, calculated
using (20) and (25) is reported in Fig. 13. The blue curve
(Vov > 0) shows n(z) in class-A, class-AB, and, in the
limit for = — oo, class-B operation. The orange curve
(Vov < 0) shows n;(z) in class-C operation. Note that the
predicted current efficiency in class-B operation is ~ 85%.
This number is higher than the classic 78% class-B maxi-
mum current efficiency. Once again, this is due to the fact
that, classically, a half-sinewave waveform is assumed for
the drain current in class-B operation, while here the dis-
tortion due to the quadratic I-V characteristic of the MOS
transistor is taken into account.

5.2 Efficiency of the output matched MOS power
amplifier

The impact of the finite output resistance of the MOS tran-
sistor can now be evaluated. The expression of the drain
current becomes

i (t) = ia(t) (1+ hops(t)) (26)

where A is the channel length modulation coefficient.
Assuming a high-Q tuned load and using (16), the drain-
source voltage can be expressed as

vps(t) = Vpp — V, cos (wot) 27
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The structure of (26) and (27) is identical to (2) and (3).
By setting A = 1/V4 and Vpp = Vo, the extrinsic current
harmonics can be expressed using (5). The matching condi-
tion for the MOS device can be derived in a similar fash-
ion to the bipolar device. When the voltage output swing is
maximum, using (6), (7), and (8) and using the MOS param-
eters leads to

Rp2I = Vpp — Vic = 1/A (28)

where, for simplicity, Vi is assumed to be equal to the over-
drive voltage chosen for class-A operation.

To evaluate the impact of output matching on efficiency,
it is required to solve (11) using (20) and (25). Once the
normalized input voltage «’ that satisfy (11) is derived, the
extrinsic (matched) current efficiency can be computed. For
simplicity, the equation is solved for the case Vpoy > 1. For
each value of the normalized amplitude of the input signal,
x, the current efficiency of the matched amplifier 7} is plot-
ted vs. ny in Fig. 14.

We observe that, as for the bipolar case, at small-signal,
matching halves the efficiency. However, by moving towards
large-signal regime, the efficiency penalty is decreased. As
the PA approaches class-B operation, the penalty becomes
negligible.

6 Efficient design of an output-matched
tuned RF PA

As discussed in Section 3, by appropriately designing an
output-matched tuned PA, efficiency levels comparable
to an unmatched PA are achievable. In order to achieve
Ny = nr, it is required that I{ = I, i.e.@, (11) must be sat-
isfied. At the same time, it is necessary to comply with a sec-
ond constraint, I{, = I. To satisfy both conditions, both the
input drive level and the quiescent voltages of the matched
PA must change with respect to the unmatched PA.

0.8
[
< 0.6 n|/2

0 0.2 0.4 0.6 0.8

Fig. 14 MOS device current efficiency 1} (z’) as a function of 7y
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6.1 Efficient design of a bipolar amplifier

For the bipolar amplifier, the constraints are written as

/ Ve B(2') + Bo(a') _ a
ni) (1o ) - B s 9

and

Bo(z') (1 + VC:C_CVK) — B1(2') = Bo(z)e” (30)

where a = (Vpg, — VE@EQ )/ Vr, VéEQ being the quiescent
base-emitter voltage of the matched PA. For any regime of
operation of the unmatched PA, corresponding to a normal-
ized input voltage amplitude x, and to a current efficiency
nr(x), it is possible to find a corresponding bias adjustment
a and normalized input voltage amplitude x’ for the matched
PA such that the efficiency of the former and the latter are
(ideally) identical: 0} (2, a) = ny(x). The values of 2’ and @
that solve (29)-(30) are plotted in Figs. 15a and 15b, respec-
tively, as a function of x. To achieve the same efficiency
with the matched PA as the unmatched PA, the quiescent
base-emitter voltage has to be slightly decreased, while the
normalized input voltage amplitude has to be increased. In
other terms, the intrinsic transistor has to be driven towards
a more efficient regime of operation to compensate for the
presence of the matched output resistance.

6.2 Efficient design of a MOS amplifier

The analysis presented in Section 6.1 is now repeated with
respect to a MOS implementation. Setting the constraints
I = I and I, = I, we obtain the following equation, that
can be solved for z':

Co(x) {Cl (") (1 Vee

1 ’ / _
+ m) —3 (C2(2") + Co(z ))} =

) . clu’)} 31)

Once z’ is found, the overdrive variation a(x) is calculated
by

alz) = Voy _ Co(x) v
v o) (14 i)~ arey PP

The solutions of the system (31) and (32) are reported in
Fig. 16a and Fig. 16b, respectively. As for the bipolar ampli-
fier, we observe that, in order to restore the efficiency for a
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Fig. 16 Values that solve (31)-(32)
for the MOS plotted as a function
of x: (a) z’; (b) a

z = Vin/Vov

(a)

T = ‘71'71/VOV
(b)

Fig. 17 Ratio (in dB) between the
matched and unmatched Bipolar
(a) and MOS (b) amplifiers input
voltage swing

X:‘/A’in/VT

(a)

given value of 2/, the input drive must be increased and the
overdrive voltage has to be reduced.

InFig. 15a, for x = 2(6.02 dB) the corresponding value is
z' ~ 2.7 (8.63 dB), compensating the loss requires increas-
ing the input-voltage drive by 20log,(z'/x) = 2.61 dB. As
x increases, the relative deviation 20 log;,(z'/x) becomes
progressively smaller. For example, at z = 6 (15.56 dB),
we obtain x’ &~ 6.7 (16.52 dB), the absolute variation is
similar (= 0.7), but the relative increment is only 0.96
dB. The ratios (in dB) between the input voltage swing of
the matched (XZ'n) and the unmatched (\Zn) amplifiers are
reported in Fig. 17a for the Bipolar amplifier and in Fig. 17b
for the MOS case. Note that for the bipolar amplifier the

. 1 2 345
Tr = ‘/in,/VOV
(b)

1 2345

ratio is obtained simply as V/, /V;,, = («//x), while in the
MOS amplifier becomes V), /Vi,, = (2'/a/z).

6.3 Linearity considerations

Increasing the input drive is an effective way to compensate
for the efficiency penalty introduced by output matching.
However, as in any PA, if the device is driven toward a more
efficient regime, there will be a penalty on linearity.

An interesting aspect is that, if the efficiency penalty was
50% in any regime of operation as predicted by classical
analysis (blue curve in Fig. 1), to compensate for the effi-
ciency loss and reach an acceptable efficiency it would be
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Fig. 18 Comparison between 77 (z) (red dashed line) and 17 (z”) (blue
solid line) for the bipolar device, as derived from (14), and transistor-
level simulations (circles)

necessary to operate the PAs in highly nonlinear regimes
(between class-B and class-C), which would have a signif-
icant impact on the PA linearity. However, since the effi-
ciency penalty is not constant across all the regimes of
operation, but decreases from class-A to class-C, the linear-
ity penalty is much more contained in practical cases. From
class-A to class-B, the change of operating point required to
compensate for the efficiency loss due to matching becomes
relatively small. This indicates that, in class-AB, recovering
the efficiency lost because of the output matching does not
require pushing the device into a deeply nonlinear regime,
thus limiting the impact on linearity.

7 Transistor-level simulations

The foregoing discussion is now verified by means of tran-
sistor-level simulations for the bipolar and for the MOSFET
case.

7.1 Bipolar amplifier validation

To have full control over the transistor parameters, the
device in Fig. 6 is described by a simple Gummel-Poon
model implemented in Verilog-A. The supply voltage is
assumed to be Voo =5 V, while Ry = 50Q; the fre-
quency of operation is fo = 1 GHz. The knee voltage is
Vi = 0.2V, resulting in 77, = 0.96). The Early voltage V4
is set according to (9). In Fig. 18, the simulation results are
compared to the 17 (z’) vs. nr(z) curve under the constraint
of maximum output voltage swing, i.e., (14). Good agree-
ment is observed between simulations and theory, confirm-
ing that, when the amplifier operates in regimes of higher
efficiency, the efficiency loss due to the output matching is
smaller than a factor 2.

@ Springer

Fig. 19 Comparison between the efficiency obtained by solving (29)-
(30) and the transistor-level simulation of 77 (x’) obtained using the
same values of 2’ and @ derived for the bipolar device

In Fig. 19, the design approach discussed in Section 6.1
is verified. For any value of the normalized input voltage
amplitude x, the corresponding efficiency of the unmatched
PA, ny(x), is compared to simulation results in which the
normalized input voltage amplitude and the quiescent base-
emitter voltages are adjusted as 2’ and a given by the solu-
tion of (29)-(30). The simulated efficiency of the matched
PA, n;(x',a), is quite close to n;(z), as predicted by the
theory. Therefore, it is indeed possible to achieve compa-
rable efficiency levels with the unmatched and with the
matched PA by driving the latter with an adequately larger
input signal, while concurrently appropriately adjusting the
quiescent operating point.

7.2 MOS amplifier validation

The MOS amplifier was simulated using a SPICE level 1
model implemented in verilog-A. The supply voltage is set
to Vpp =5V, while Ry, = 502; the frequency of opera-
tionis fo = 1 GHz.

In Fig. 20, the simulation results are compared to the
ny(x’) vs. nr(z) curve under the constraint of maximum
output voltage swing. The result confirms that also for the
MOS transistor, when the amplifier operates in regimes
of higher efficiency, the efficiency loss due to the output
matching is smaller than a factor 2.

In Fig. 21, the design approach discussed in Section 6.2
is verified. As for the bipolar amplifier, the simulated effi-
ciency of the matched PA, n}(z’, a), is comparable to 1 (z).

8 The Shunt-Feedback power amplifier
In practice, the Early voltage of a transistor is not a param-

eter that the designer can choose at will. Therefore, a more
practical approach to achieve output matching should be
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Fig.20 Comparison between 77 (z) (red dashed line) and 17 (z") (blue
solid line) for the MOS device, as derived from (14), and transistor-
level simulations (circles)
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Fig. 21 Comparison between the efficiency obtained by solving (29)-
(30) and the transistor-level simulation of 7} (x’) obtained using the
same values of 2’ and @ derived for the MOS device
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Fig. 22 Conceptual schematic of a tuned PA using resistive shunt-
shunt feedback to achieve conjugate output matching

employed. If the amplifier output impedance Z,; is larger
than the optimal impedance for power matching (Z,p4),
shunt—shunt feedback can be leveraged to reduce the PA
output impedance and improve the output return loss with-
out significantly degrading the overall efficiency [13-15].
In this section, the resistive shunt—shunt feedback topology
shown in Fig. 22 is discussed.

A possible design methodology is described in [13].
The design starts by selecting the amplifier optimal load
Ry, (derived from power matching)and the quiescent cur-
rent Icq to set the class of operation of the PA [3]. By
setting the quiescent current, the PA small-signal transcon-
ductance g,, is consequently set. Assuming that the parasitic
capacitances of the PA are resonated out by shunt inductors,
the input and output impedance at the frequency of opera-
tion wq are:

Rr + Ry
1—‘y-ngL7

Rr+ Rs

Z’in ~ _—
(wo) 1+ gmRs

out(Wo) ~ (33)

The value of R that achieves output matching is calculated
by imposing that the source impedance of the stage, Rg, is
equal to the input impedance of the amplifier, r;,,, and that
Tout = R1. By combining these constraints, the condition
for output matching can be derived, thatis Rp = ng% and
Rs = Ry, [13]. A large decoupling capacitor C', prevents
DC current from flowing in the feedback path.

The voltage gain of the PA under matching condition can
be approximated to

v 1
A = -2 ~ ——
14 s 2ngL (34)

which is roughly half of the open loop gain of the PA, mean-
ing that in the matched amplifier, the compression point will
be reached for a higher input voltage drive.

In practice, a load-pull analysis can be performed on
the unmatched amplifier (with no feedback) to evaluate the
optimal load contours for the target output power. A graphi-
cal representation of typical load-pull value is depicted with
the red contours in Fig. 23. Given the high output imped-
ance and the large parasitic capacitance of power devices,
in the unmatched, open-loop, PA, a load-pull under output-
conjugate matching constraint (i.e., Zr, = Z},;) will results
in contours similar to the blue curves of Fig. 23 on the left. If
the load for conjugate matching (blue contours) is selected
as the load of the PA, the saturated power of the PA will be
lower than the one achievable using the optimal load that
maximize the power (red contours). In general, if the device
behaves as a transconductor (rout > Rr), the two contours
will be located at different points of the Smith chart. There-
fore, simultaneous power and conjugate output matching
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Fig. 23 Graphical visualization
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is not possible [13]: selecting the load for output conjugate
matching will result in a lower output power, hence a lower
efficiency.

The effect of feedback is depicted in Fig. 23 on the right,
where the feedback resistor Rr is used to move the out-
put conjugate matching contours close to the optimal load
contours. In this way, it is possible to achieve simultaneous
conjugate and power matching.

8.1 Shunt-Shunt feedback matched PA validation

A design example is now presented using the same frame-
work as in Section 7: Voc =5V, R, = 509, fo = 1 GHz.
Note that the choice of Ry, is, to some extent, arbitrary, and
that, in general, it will be determined by the target output
power. The transistor used in the simulations belongs to a
commercial 0.13 um BiCMOS technology, and is modeled
by means of a HICUM model. The feedback resistor Ry is
sized to achieve conjugate output matching to the 50 2 load.
Both PAs are biased with Vpg, = Vi Fo and operated in

class-A and class-AB, depending on the input signal ampli-
tude. For comparison, an unmatched PA design is obtained
by simply removing Rp.

@ Springer

(b)

The simulated power sweep of both the unmatched
and matched PAs are reported in Fig. 24a. The compres-
sion point, corresponding to the maximum output swing,
is observed for x = 2.6 in the unmatched design and for
x = 5.2 in the matched PA. The respective efficiencies are
reported in Fig. 24b as a function of the normalized input
voltage amplitude. At the compression point, the efficien-
cies of the two designs are comparable, confirming that, in
practice, it is possible to achieve a relatively large efficiency,
even with the constraint of the conjugate output matching,
by appropriately adjusting the driving level of the active
device.

8.2 Practical design example

To put the foregoing discussion in perspective, a practical
design example following the proposed design methodology
is presented. In this example, the design target is to operate
at 5 GHz with an output power of 21 dBm using a supply
voltage of 3 V. To employ low-voltage devices, a cascode
topology is selected. Assuming a device knee voltage of
around 0.2 V, the optimal load results in roughly 25 Q. The
target optimal load can be derived with a proper impedance
transformation network from the 50 2 load. In this case,
it is important to take a margin on the target compression
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Fig.25 Visualization of the matched PA (red circle) and unmatched PA
(red triangle) output impedance. The area within the dashed circle is
where I' < —10 dB

point to compensate for the output matching network losses.
The quiescent current is selected to operate the PA in class-
AB (at the compression point). The devices are sized so that
the current density for the peak fr is reached at OP14p.
From the resulting transconductance value, and the optimal
load, the values of Rg and Rp that achieve output conjugate
matching (Zou:(wo) = Rope) are calculated.

Due to stability issues, it is not possible to simply
remove Rp, and the equivalent unmatched PA is obtained
by increasing the matched PA feedback resistance by a fac-
tor of three. In Fig. 25, the output impedance of the matched
(Z1, = 17+ j6.5Q) and the unmatched (Z; = 21 — j44 Q)
PAs are reported on a Smith chart using the red symbols,
normalized to the optimal load resistance (25 §2). The plot
shows that resistive feedback moves the output impedance

of the PA inside the I' < —10 dB circle (I" being the output
reflection coefficient), resulting in simultaneous power and
conjugate matching.

The output power and PAE vs. P;, plots are reported in
Fig. 26a and Fig. 26b, respectively. In both cases, the com-
pression point is reached approximately for the same output
power, and efficiency. Both PAs exhibit the same saturated
power, confirming that the use of resistive feedback to
achieve output matching does not significantly degrade the
performance of the PA.

8.3 Review of output-feedback-matched RF power
amplifiers

In this Section, a review of several RF PAs that leverage
shunt—shunt feedback to achieve simultaneous power and
conjugate output matching is presented. The reported works
span different technologies as well as discrete RF implemen-
tations, demonstrating that this methodology is both versa-
tile and easily scalable across frequency and power levels.
The performance of MMIC PAs employing shunt—shunt
feedback for output matching is summarized in Table 1,
while Table 2 reports representative discrete designs. Both
integrated and discrete implementations exhibit perfor-
mances comparable to conventional unmatched PAs, with
no evident trend of efficiency degradation [16]. On the con-
trary, some MMIC implementations achieve state-of-the-art
power-added efficiency, confirming that efficient output-
matched PAs can indeed be realized through the use of
shunt—shunt feedback.

Beyond output matching, adopting an RC shunt—shunt
feedback topology offers several system-level advantages.
Feedback extends the PA bandwidth and significantly
improves the amplifier gain flatness, making it well suited
for wideband applications [17, 18, 20, 21]. RC shunt—shunt
feedback also improves robustness to process variations and
stabilizes the amplifier. In fact, feedback is often employed
to achieve unconditional stability in PA designs [18, 21,
24, 26]. Lastly, shunt—shunt feedback also brings benefit in

Fig. 26 Power sweep (a) and 25

efficiency (b) comparison between
practical examples of matched and
unmatched PAs
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Table 1 Output Feedback-Matched SiGe/CMOS/GaAs PAs (MMIC/IC implementations)
[17] [18] [19] [20] [21] [22]

Topology 2-stg Diff. 1-stg SE 1-stg SE 1-stg Diff. 2-stg Diff. 3-stg SE
Class Class-AB Class-B Class-AB Class-AB Class-AB Class-AB
Tech SiGe CMOS GaAs CMOS CMOS CMOS
Supply [V] 33 33 2.3 3.3 1.2 1.8
Frequency [GHz] 5.1-10.5 0.33-2.5 4.2-5.8 0.9-2.4 8-11.4 24
Gain [dB] 34 22.5 10 34 24.4 19
Psar [dBm] 29 214 232 20 20.5 10
OP14p [dBm] 28 17.6 > 20 26.7 15.2 5
OIP3 [dBm] 37 N/A >39% N/A 25 N/A
PAE cax [%] 40 52.4 472 29.3 24.5 19*
Sos [dB] < —10 < -10 < -10 < —10 -10 < —14

#at P14B; TEstimated from IM3; *Graphically estimated.

Table 2 Output Feedback-Matched GaN/GaAs PAs (Discrete imple-
mentations)

[23] [24] [25]
Topology 2-stg SE 2-stg SE PA 2-stg SE PA
Class Class-AB Class-AB Class-AB
Tech GaAs GaN GaAs + SiC
Supply [V] 5 28 40
Frequency [GHz] 5.8 0.001-3.4 0.01-2.4
Gain [dB] 16.39 13.6 23
Psat [dBm] N/A N/A N/A
OP14p [dBm] 20.18 23.5" ~ 40
OIP3 [dBm] N/A 373 > 37
PAE cax [%] 25.3" 48.5 29"
S22 [dB] < —10 < -10 < —10

#at P14p; *Graphically estimated.

terms of linearity. As discussed in [13, 17, 19], the use of
resistive feedback reduces IM3 compared with an equiva-
lent unmatched design. As a result, excellent EVM and
ACLR results are reported in [17-20]. The combination of
high linearity and gain flatness makes this topology well
suited for high-linearity PA designs for applications such as
5G, 6G, and Wi-Fi.

An investigation of the impact of output matching on the
optimum load—pull contours is reported in [20]; the findings
are consistent with the analysis presented in this work and
in [13]. In [20], a 3.3 V differential CMOS PA for wireless-
communication applications is presented. The RC feedback
network is sized to transform the output impedance of the

Fig. 27 Differential two-stages

topology employed in [17, 21, 27] RFy

PA active core (differential cascode) to the optimum load
obtained from load—pull simulations. Load—pull simulations
with and without feedback show no significant variation of
the peak-power and PAE contours, indicating that the RC
feedback network can be sized to achieve output matching
without degrading the PA efficiency (see Fig. 23).

The works presented in [21] and [27] feature a two-
stage differential cascode topology implemented in 65 nm
and 180 nm CMOS technologies, respectively. Both PAs
use shunt-shunt RC feedback in both stages (Fig. 27) and
operate over the same frequency range. In [21], the feed-
back network achieves simultanecous power and conjugate
output matching, whereas in [27] the feedback is used only
to stabilize the amplifier and to enable wideband opera-
tion. This leads to a framework similar to that described in
Sec. 8.2, where even in the unmatched amplifier resistive
feedback was necessary to ensure stability. The measured
performance of the two PAs is summarized in Table 3. We
observe that the matched PA achieves efficiency comparable
to the unmatched PA, even with a supply voltage three times
lower.

The same topology was adopted to design the power
amplifier presented in [17], a wide-band, output-matched
differential stacked amplifier capable of delivering up to
29 dBm of Pgat from a 3.3 V supply, achieving a peak PAE
of 40%, in line with the state-of-the-art.
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Table 3 Comparison between output-matched and unmatched CMOS

PAs

[21] [27]
Topology 2-stg Diff. 2-stg Diff.
CMOS Tech. 65 nm 180 nm
Supply [V] 1.2 3.6
Freq. [GHz] 8-11.4 8-12
Gain [dB] 24.4 253
Psat [dBm] 20.5 21.5
OP14p [dBm] 15.2 20.2
OIP3 [dBm] 25 > 27
PAEpcak [%] 24.5 20.3
S11 [dB] < -10 < —10
522 [dB] —10 > —10

9 Conclusion

The efficiency of an output-matched tuned RF PA has been
analyzed at large-signal, pointing out that, while classical
small-signal theory predicts that conjugate output matching
results in a 50% efficiency degradation, under large-signal
it is observed that in class-AB and beyond, the efficiency
penalty is reduced.

This suggests that it is possible to design efficient PAs
even under the constraint of conjugate output matching.
Indeed, by adequately adjusting the quiescent point and
the input drive of the amplifier, such a goal is achievable.
A practical design methodology is proposed and validated
using a commercial PDK. Overall, the results presented in
this work confirm and justify the good efficiency displayed
by some output-matched PAs reported in the literature
(Table 3). This result is nontrivial: output matching is often
avoided in PA design because of its perceived impact on
efficiency. Designing an efficient, internally output-matched
PA, can reduce or eliminate the need for large, lossy, and
expensive external components (e.g., circulators or hybrid
couplers), thereby simplifying system design.
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