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Abstract: This paper presents a novel topology to control the baseband impedance of a power amplifier (PA) to

avoid performance deterioration in concurrent dual-band mode. This topology can avoid pure resonance of capacitors

and inductors LC, which leads to a high impedance at some frequency points. Consequently, it can be applied to

transmitters that are excited by broadband signals. In particular, by adjusting the circuit parameters and increasing

stages, the impedance of the key frequency bands can be flexibly controlled. A PA is designed to support this
design idea. Its saturated output power is around 46.7 dBm, and the drain efficiency is >68.2% (1.8-2.3 GHz).
Under concurrent two-tone excitation, the drain efficiency reaches around 40% even under 5.5 dB back-off power

with the tone spacing from 10 MHz to 500 MHz. These results demonstrate that the proposed topology is capable

of controlling wideband baseband impedance.
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1 Introduction

With the development of mobile communica-
tion, the bandwidth of the transmitted signal must
be increased to improve the amount of informa-
tion transmitted per unit time, such as the re-
ported broadband and dual-band power amplifiers
(PAs) (Liu et al., 2020; Kilinc et al., 2022; Latha
and Rawat, 2022; Li M et al., 2022; Sheikhi and
Hemesi, 2022). This requires that PAs can transmit
broadband signals, and because the signal’s instan-
taneous bandwidth may exceed 400 MHz, new chal-
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lenges have emerged in the design of PAs. Efficiency
and linearity would be the key indicators (Li C et al.,
2019; Feng et al., 2022; Cui et al., 2023). Because of
the influence of the transistor’s nonlinear capacitance
and nonlinear operating state, the baseband signal
will be generated under multi-tone/broadband sig-
nal excitation. Conversely, the baseband signal will
act on the transistor, which influences the memory
effect and produces new modulation components.

The effect of baseband impedance was veri-
fied by adding different inductors and capacitors in
the bias network, and good linear results were ob-
tained by choosing an appropriate bias network in
Brinkhoff and Parker (2003) and Brinkhoff et al.
(2003). In the dual-band concurrent scenario, Chen
et al. (2013) conducted in-depth research on over-
drive effects. Nunes et al. (2018) showed that the
baseband impedance of the output is the dominant
factor in efficiency degradation. Barros et al. (2019)
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further showed that both input and output baseband
impedances impact the PA performance. As pre-
sented in Nunes et al. (2018), efficiency degradation
can reach 18%.

Previous studies have shown that the baseband
impedance significantly impacts PA performance.
The critical point was to avoid resonance in the base-
band frequency band, where a high impedance will
be presented at the current source plane. The base-
band impedance was controlled by carefully design-
ing the bias network in Nunes et al. (2018) and Bar-
ros et al. (2019). Although Zhu et al. (2017) proposed
an in-package output impedance matching topology,
it supports 395 MHz instantaneous bandwidth, and
the output matching network needs to be carefully
designed to prevent resonance.

When the baseband frequency is close to the op-
erating frequency band, it is difficult to control flexi-
bly, because capacitors need to be added in the power
supply network in traditional baseband impedance
control methods. However, there is a certain physi-
cal distance from the package of the transistor to the
position of the filter capacitor, so it is difficult to ob-
tain a low baseband impedance in a wide frequency
band. In addition, the direct current (DC) bias ca-
pacitors may cause resonance, which results in high
impedance at some frequency points. Therefore, in
this paper we propose a novel topology to control
baseband impedance covering the 10-500 MHz band,
which can prevent PA performance deterioration un-
der concurrent dual-band mode.

2 Analysis of the proposed topology
2.1 Analysis of an LC resonant network

It is well known that the expression of two par-
allel impedances (Z4 = Ra+jXa,Zp = Rp+jXB)
can be written as

(RA + jXA)(RB + JXB)
Zap=244//Zp = (1
B =2al/%s = 5 +i(Xa+ Xp) L
If R4 =0and Rg =0, then Z4p — oo when X4 =
—X5B.
Furthermore, the input impedance function of a
pure LC network can be expressed as (Wing, 2008)

s'(s? +wi)(s® +w3) - (52 + Wi i)
s7(s? +w3)(s? +wi) - (2 +w3,)

Zs=K ) (2>

where i = 0,7 =1ori=1,7 =0. K is a constant,

and wy,, (m =1,2,...) are the poles or zeros of reac-
tance function. There are two conclusions: (1) the
reactance function of an LC impedance function has
a non-negative slope for all w; (2) the poles and ze-
ros of an LC impedance (admittance) function alter-
nate on the jw-axis. This means that if the baseband
impedance is controlled only through the bias branch
with a pure LC network, the LC impedance func-
tion will circle around the edge of the Smith chart.
In other words, controlling the baseband impedance
with a small value in a broad bandwidth would be
difficult. If it can be realized, it needs to depend on
the parasitic resistance of L or C. Therefore, it is
necessary to propose a topology that can accurately
control baseband impedance.

2.2 Proposed topology

A topology is proposed for avoiding the reso-
nance mentioned above, as shown in Fig. 1. The
baseband impedance control unit (BICU) is con-
nected in parallel with the input/output matching
network, and each unit is composed of a microstrip
transmission line (TL), a radio frequency (RF) ca-
pacitor Crp, a resistor Ry}, and a low-frequency ca-
pacitor Csg. The primary function of RF capacitor
CRrr is to short the RF signal and reduce the loss of
the fundamental signal in the BICU. The function of
Csr is to form series LC resonance with the circuit
between points A and C;, or B and D; (as marked in
Fig. 1) and to reduce the baseband impedance. The
Ry function is introduced to avoid pure LC' reso-
nance among the BICUs. To control the baseband
impedance in a wideband, four BICUs are shunted
in the input and output matching networks.

In this way, the impedance of each BICU can be
written as

(Req,i +1/(jwChb,i)) + jZrr,itan(
ZrLi + j(Reqi + 1/(jwChb,i) ) tan(

ZBB; = ZTL,i

Bl)
Bl)’
(3)
where Cypp,; and Req,; are the equivalent capacitance

and resistance of the i** BICU at point C' (D), and
the impedance function can be written as

ZBB,package = ZBB,1//ZBB2//ZBB3// - . (4)

To intuitively describe the circuit characteris-
tics of the proposed topology, the BICU parame-
ters are assigned to observe how the overall equiv-
alent impedance changes. First, several parameters
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Fig. 1 The proposed topology to control baseband impedance (Zcq,in,; = 1/(jwChbb,in,i) + Req,in,i> Zeq,out,j =

1/(jwcbb,out,j) + Req,out,j)

are determined: the transmission line’s character-
istic impedance is 77 €2 and the electrical length
is 90° at 2.2 GHz. CRgrr is a 10 pF capacitor of
the Murata GRM series. Cgsgr values of the three
BICUs are 18, 35, and 70 pF. Then ZBgpackage
change could be observed under different values of
Ry, (Ron = {3,5,8,12} Q). Zpgp, values of the
three BICUs are shown in Fig. 2a, and the impedance
curves of the three cases are shown in Fig. 2b. It
can be seen from Fig. 2 that the selection of Ry
is neither the higher the better, nor the smaller the
better. Ry, needs to be flexibly selected according
to the BICU parameters and the number of paral-
lel circuits; otherwise, the high impedance of Zpp
or a local resonance point (reactance value becomes
larger) would occur.

In general, multiple parallel BICUs are used
simultaneously to control the baseband impedance
with a small value in a wide frequency band, and
each selected BICU is used to manage the baseband
impedance at different frequency points (f1, fa,...).
An appropriate Csgr,; is used to form a resonance
with corresponding TL; at f;, so the impedance
value of Zpp,; at f; is small. Due to the exis-
tence of Rpp, multiple parallel BICUs can achieve
a small baseband impedance in a wideband by us-
ing Eq. (4). Then if we design BICUs carefully, the
baseband impedance can be adequately controlled in
a wideband, and high impedance resonance state can
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Fig. 2 Zgg,; under different Csg = {18,35,70} pF
(a) and three cases of Zgpp with different baseband
impedance control units (BICUs) (b). The solid and
dotted lines represent the real and imaginary parts of
ZgB,; or ZBB, respectively

be avoided by using BICUs.
Zpp of a BICU changing along with Ry, and
Csgr is given in Fig. 3. It can be seen that the
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imaginary part of Zgg depends mainly on Csg. The
real part of Zpp will change greatly with Ry}, and
Csr. Therefore, in the design, we can first define
the resonant frequency point through Csr, and then
adjust the impedance Zgp by changing Ryy,.

The parameters of the BICUs can be determined
using the following procedures: (1) First, choose the
size of TL (length and width) according to the work-
ing frequency band, and select RF capacitor Crp
according to the operating frequency band. (2) De-
termine the resonant frequency points of the BICUs
and the number of BICUs, and calculate Csg. Let
each resonant frequency point be dispersed in the
target frequency band. (3) Adjust Rpp, to make Zpp
as small as possible on the package plane and meet
the target requirements, such as |ZgB package| < 5 .

2.3 Design example

A PA working in the 1.8-2.3 GHz band is de-
signed as an example to explain how to control
baseband impedance. The output matching net-
work is given in Fig. 4 with four BICUs. Four BI-
CUs are as close to the package of transistors as
possible to achieve a small baseband impedance in
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the 0-500 MHz band. Accordingly, the impedance
at the low-frequency band is provided in Fig. ba
when Ry 0.1 Q and Ry 6 Q. By com-
paring these two cases, it can be found that when
the impedance Ry is close to 0, the resonance
phenomenon will appear in the circuit, leading to
impedance spikes at some frequency points, i.e., {55,
130, 235, 380} MHz, which will worsen the PA per-
formance in the concurrent mode. The fundamental
and harmonic impedances are plotted in Fig. 5b. It

.1/5.0
0/3.1 5.0/3.2

Width/length (mm)

x

0.5/21 10 pF—=

— 3
10 pFC 0%
T »
:730 <6 4
O //
_10
T ¢
70 A /
O //

Fig. 4 Output matching network with four baseband
impedance control units
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Fig. 3 Impedance of a baseband impedance control unit: (a) Zgg vs. Csr; (b) Zgg vs. Rpb
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could be found that BICUs have little influence on
harmonic impedance.

On the other hand, to evaluate the impact of the
BICU on the fundamental impedance and loss of the
matching network, the fundamental impedance and
Sa1 values are shown in Fig. 6 (the circuit parame-
ters are the same as those in Fig. 4). The simulation
results show that it has little effect on the funda-
mental impedance, while the maximum loss in the
1.5-2.6 GHz band is <0.05 dB.

This shows that by using this topology, the low-
frequency baseband impedance can be adjusted with
little effect on fundamental frequency impedance. In
other words, it can achieve good PA performance
in the concurrent mode without affecting its perfor-
mance in the narrowband mode.

Under two-tone excitation, the efficiency and
IMD3 (the difference between the output power and
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Fig. 5 Output matching: (a) impedance with differ-
ent Rpp; (b) S11 with/without baseband impedance
control units in 1.5 to 7.0 GHz (w: with; w/o: with-
out; BICUs: baseband impedance control units)

three-order intermodulation product in dBc) with
different numbers of BICUs are shown in Fig. 7 when
the output power of each tone is 35 or 38 dBm.
Observing Figs. 2b and 5a, we can see that the
impedance within the 500 MHz frequency band is
relatively small at three and four BICUs (their
impedance is <5 Q). From the simulation results,
it can also be seen that their performance is similar.
In actual experiments, to flexibly adjust the param-
eters of the circuit, we choose a topology structure
of four BICUs.

It is worth noting that when the number of BI-
CUs exceeds 3, the parasitic reactance from the tran-
sistor packaging plane to the current source plane
significantly impacts the baseband impedance. How-
ever, due to the commercial transistor limitations,
the parasitic network part cannot be changed. This
leads to inability to design baseband impedance.
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Fig. 6 Output matching network simulation: (a)

input impedance with/without Crr and Rpp; (b) S21
with/without Crr and Rpp (w: with; w/o: without;
BICUs: baseband impedance control units)
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3 Measurement results

The adopted printed circuit board (PCB) is
Rogers 4350B with a thickness of 0.508 m (e, =
3.66), and a Wolfspeed CGH40045 GaN transistor
is used to verify our proposed approach. Fig. 8 is
a photograph of the implemented PA. BICUs are
added in the input and output matching networks.

First, under the excitation of a single-tone con-
tinuous wave, the saturation output power and drain
efficiency are presented in Fig. 9. The measured sat-
urated output power and efficiency range from 46.3
to 47.1 dBm and 68.2% to 71.6% within the 1.8
2.3 GHz band, respectively, where gain compression
is about 3 dB. Because the efficiency curve of this
band is relatively flat (about +1.7%), this band is
selected to evaluate the performance of PA under
The
simulated and measured results show that the PA
efficiency is higher without BICUs than that with
BICUs in continuous single-tone mode.

two-tone excitation and increasing spacing.

Furthermore, with the excitation of a two-tone
(Fy and F») continuous wave, the output powers of
the two frequency bands are equal by independently
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Fig. 7 Simulated efficiency (a) and IMD3 (b) with dif-
ferent numbers of baseband impedance control units
(BICUs) and output power

Fig. 8

Fabricated printed circuit board
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adjusting the input signal power of the two frequency
points. The test block diagram is given in Fig. 10.
With the increasing tone spacing from 10 to 500 MHz
(i.e., spacing=F5 — F} ), simulated and measured ef-
ficiency and IMD3 at two output power levels (35
and 38 dBm) are shown in Figs. 11 and 12 respec-
tively, where we determine whether to connect BI-
CUs by cutting or not cutting the transmission lines
in BICUs. It can be observed in Figs. 11 and 12
that using BICUs can improve efficiency, at least,
when the frequency is >180 MHz. The measured
efficiency is about 28.5% when the output power per
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Fig. 9 Efficiency and output power vs. frequency
with/without baseband impedance control units (BI-
CUs): (a) simulation; (b) measurement
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Fig. 10 Test block diagram under two-tone excitation
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tone is 35 dBm (about 8.5 dB power back-off). The
measured efficiency is about 40% when the output
power per tone is 38 dBm (about 5.5 dB power back-
off). When the output power of each tone is 35 and
38 dBm, IMD3 is about —34 and —27 dBc in the
10-300 MHz range and —22 and —22 dBc in the
300-500 MHz range, respectively. Compared with
test and simulation results, efficiency values are com-
patible. The simulation results and test IMD3 are
not consistent within the 300-500 MHz band. The
main reasons are: (1) the parasitic parameters of the
lumped elements used in the circuit have a significant
influence in the 300-500 MHz band; (2) IMD3 is re-

50 0
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Fig. 11 Simulated efficiency (a) and IMD3 (b) under
concurrent two-tone excitation (F1=1.8 GHz, F> =
F1+spacing)
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Fig. 12 Measured efficiency (a) and IMD3 (b) under
concurrent two-tone excitation (F1=1.8 GHz, F> =
Fi+spacing)

lated to the impedance at the frequency of Fy+Fb,
which may have a large deviation from the simula-
tion results.

Comparison is given in Table 1. It could be
noted that the proposed topology is competent for
wideband baseband impedance control.

4 Conclusions

In this paper, a novel baseband impedance con-
trol network topology is proposed, and a power am-
plifier design example is presented to explain the ap-
plication of the topology. The experimental results
show that the baseband impedance can be controlled
up to 500 MHz with low impedance, and that there
is no resonance generation when four parallel BI-
CUs are used. In addition, the proposed topology
can help avoid PA efficiency deterioration with an
increase in the tone spacing. This topology offers
an opportunity to control more complex baseband
impedance with more BICUs, such as the applica-
tion of tri-band concurrent mode.
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