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Abstract: In this study, we designed a wideband CMOS power amplifier to support multi-band and
multi-standard wireless communications. First, an input matching technique through LC network
and a wideband design technique using a low Q-factor transformer were proposed. In addition,
a design technique was proposed to improve output matching using RC feedback. To verify the
feasibility of the proposed design methodology for wideband CMOS power amplifiers, the designed
power amplifier was fabricated using a 180 nm RFCMOS process. The size including all of the
matching network and test pads was 1.38 x 0.90 mm?. In addition, the effectiveness of the proposed
power amplifier was verified through the measured results using modulated signals of WCDMA,
LTE, and 802.11n WLAN.
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1. Introduction

With the continuous development of wireless mobile communications, several gen-
erations of communication technologies are being introduced. Accordingly, the wireless
terminal is equipped with various wireless communication components to support multi-
band and multi-standard [1-3]. In addition, in order to increase the usage time of the
battery, the capacity of the battery is continuously increasing. In other words, considering
the limited volume of the wireless terminals, the need for miniaturization of the wireless
components continues to be required despite supporting multi-band and multi-standard.
Hence, in order to miniaturize wireless components at the same time as supporting multi-
band and multi-standard in a wireless terminal, one wireless component should be capable
of supporting multi-band and multi-standard [4-7].

For wireless components capable of supporting such multi-band and multi-standard,
design techniques to secure the wideband characteristics of high-frequency circuits are
essential [8-10]. In particular, in the case of power amplifiers dealing with high output
power, securing high output power and wideband characteristics at the same time is one
of the challenges [11]. Currently, widely known design techniques for wideband power
amplifiers include a distributed amplifier, a Darlington amplifier, and tunable matching
network structures.

In the case of a distributed amplifier structure, the advantage is that it is easy to
secure an operating frequency band through a relatively simple structure [12-14]. However,
one problem is that the size of the entire power amplifier increases due to a structurally
required transmission line or inductance. The increased area of the power amplifier with
the distributed structure acts as an unfavorable factor in terms of the miniaturization of the
wireless communication terminal.
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In the case of the Darlington structure, as a technique that secures wideband through
simple changes in the transistor constituting the amplifier, the increase in the area of
the amplifier is relatively suppressed [15,16]. However, the theoretical basis for securing
wideband in the Darlington structure is mainly suitable for amplifiers dealing with small
signals, and one problem is that additional design techniques are required to apply it to
power amplifiers dealing with relatively large signals.

Tunable matching network techniques change the configuration of the matching
circuit using switches [17-19]. Through this, a multi-band may be secured by securing a
configuration of a matching circuit suitable for various frequency bands through switches.
However, considering the high output power of the power amplifier, power consumption
by switches for the reconfiguration of the matching circuit may deteriorate the efficiency of
the entire power amplifier.

As a result, multiple power amplifiers are typically used to support multi-bands. In
addition, although there are cases where the multi-band is supported by a single power
amplifier, in this case, the frequency bands constituting the multi-band are mostly adjacent
to each other. However, in this study, a design technique was proposed to support frequency
bands that are not adjacent to each other with a single power amplifier.

In this study, input and output matching circuit design techniques for compact size
wideband power amplifiers were proposed. A design technique for configuring a wideband
matching circuit with LC structures using a low quality-factor (Q-factor) transformer was
proposed for the input matching circuit. In the output matching circuit, a technique for
simultaneously achieving wideband power matching and wideband conjugate matching
using an RC-feedback structure along with a low Q-factor transformer was proposed. In
order to verify the feasibility of the proposed design technique, a power amplifier operating
from 0.9 GHz to 2.4 GHz was designed using a 180 nm RFCMOS process.

2. Design of the Wideband Input Matching Network

In this study, the LC network structure was adapted for a wideband conjugate match-
ing to the input matching circuit. In general, the LC network structure for wideband
has a problem in that the area of the entire circuit increases due to the size of the bulky
inductors. In this study, an input transformer was used to solve these problems and convert
a single-ended signal into a differential signal. Figure 1a shows an input matching circuit
using a transformer. The input matching circuit consists of a transformer serving as a balun,
an additional inductor, L, a capacitor for matching, Cp, a bonding wire, L4, and Zpcg, a
transmission line implemented on PCB. At this time, if the input transformer is represented
as a T-mode, the input matching circuit becomes an L-C-L structure as shown in Figure 1b.

First, as shown in Figure 2, Z; ;, the input impedance of the used transistor, is shown
in the Smith chart. Here, the frequency band was set from 0.9 GHz to 2.4 GHz. The Z; ;s at
0.9 GHz, 1.8 GHz, and 2.4 GHz were 5.12 — j10.85 (2, 10.05 — j0.27 (3, and 9.20 — j0.65 (),
respectively. As shown in Figure 2, for Z; ;, the value of the constant Q-line was 2.2.
Therefore, for wideband input matchings, the input matching circuit was configured so that
the constant Q-line did not exceed 2.2 during the input matching process. As can be seen in
Figure 1b, Z; ; by the input transformer, Z; 3 by La, and Z; 4 by Cp all had a constant Q-line
of less than 2.2. To this end, the input transformer was designed to have a low Q-factor.
The outmost size of the input transformer was 0.60 x 0.22 mm?, and the minimum and
maximum values of the parasitic inductance of the primary winding in the frequency range
from 0.9 GHz to 2.4 GHz were 2.5 nH and 2.8 nH, respectively. On the other hand, the
minimum and maximum values of the parasitic inductance of secondary winding were
4.6 nH and 5.4 nH, respectively. In addition, the minimum and maximum Q-factors of the
input transformer were 5.3 at 1.7 GHz and 6.9 at 0.9 GHz, respectively.
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Figure 1. The proposed input matching circuit: (a) schematic and (b) equivalent circuit.
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Figure 2. Simulated input impedance of the input matching circuit.

The designed L and Cp used for the purpose of tuning the input matching circuit
were 0.4 nH and 2.7 pF, respectively. Finally, Z;5 by Li,ong and Zpcg became the input
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impedance of the entire power amplifier, and it can be seen that wideband input matching
was completed, as shown in Figure 2.

3. Design of the Wideband Output Matching Network

The output matching of the power amplifier should be carefully designed compared
to the input matching. Since the output impedance of the power amplifier has a direct
relationship with the output power, it is generally designed using a power matching
technique, which entails the deterioration of Sy;.

In general, it is well known that the RC-feedback technique improves the stability
and bandwidth of an amplifier. However, in this study, RC feedback was used not only to
improve the stability and bandwidth of the power amplifier but also to improve Sy, [20,21].
First, output power was secured using the power matching technique; then, S, was secured
through RC feedback. Here, in the feedback, an inductor may be used instead of a resistor,
but a resistor was used to minimize the chip area.

3.1. Design of the Wideband Power Matching Network

First, the load-pull simulation, which is essential for power matching, was performed.
Figure 3 shows the impedance for maximum power and maximum efficiency per frequency
of the transistor constituting the differential power amplifier as a result of the load-pull
simulation. The load-pull simulation was performed in the frequency range from 0.9 GHz
to 2.4 GHz. The impedances for maximum power were 27.9 +j4.2 (3, 30.55 — j1.9 (3, and
31.35+7.80 (2 at 0.9 GHz, 1.8 GHz, and 2.4 GHz, respectively. There was a need to design a
matching circuit capable of converting 50 ), which is a load impedance, into an impedance
for maximum power and maximum efficiency per frequency.
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0.2 1.0 rm U
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Figure 3. Results of the load-pull simulation of the designed power amplifier.

In this study, a power matching technique was performed based on the output match-
ing circuit shown in Figure 4a. The output matching circuit consisted of Zpcp, which is
a transmission line on a PCB, and Lj,,4, which is the parasitic inductance of the bonder
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wire, capacitors, and an output transformer. Z, ; was set to 50 Q. In the frequency range
from 0.9 GHz to 2.4 GHz, the minimum and maximum values of the parasitic inductance
of the primary winding of the output transformer were 5.96 nH and 7.60 nH, respectively.
The minimum and maximum values of the parasitic inductance of the secondary winding
were 6.35 nH and 8.61 nH, respectively. C,, and C,}, are metal-insulator-metal (MIM)
capacitors and were used to tune the output matching circuit.
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Figure 4. Load-pull simulations for power amplifier: (a) schematic and (b) results.

In Figure 4b, the impedance when looking at the load impedance for each node of
the output matching circuit is shown in the Smith chart. It can be seen that the wideband
power matching was completed as shown in Figure 4b.

3.2. Design of the Wideband Conjugate Matching Network

In this study, an RC-feedback technique was used to secure a wideband conjugate
matching without deterioration of power matching. As shown in Figure 5a, the RC-feedback
technique was applied between the input and output of the cascode structure. At this time,
as shown in Figure 5, looking at Z ; while varying the R and C values, it can be seen that
Z,,a was successfully varied according to the R and C values.
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Figure 5. Variations in the simulated impedance of the RC feedback, according to variations in the R
and C values: (a) schematic, (b) variation in R value, and (c) variation in C value.

In general, the impedances of R and C used for the RC feedback were relatively high
compared to the optimal impedances by the load-pull simulation. Therefore, as shown
in Figure 6, even when the R and C values of the RC feedback changed, Z, 5 was almost
the same as Z, ,. This means that even when the RC-feedback technique was applied, the
impedance for power matching according to load-pull simulations was maintained.

z
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e — = 3pF 2.4 GHz
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- -5.0j P -5.0j

(a) (b)

Figure 6. Variation in the simulated input impedance of the output matching circuit according to
variations in the R and C values: (a) variation in the R value and (b) variation in the C value.

On the other hand, Figure 7 shows the simulation results examining the output
impedance of the amplification stage according to the RC feedback. As can be seen from
Figure 7, Z, x varied according to the variation in the R and C values of the RC feedback.
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Figure 7. Variation in the simulated output impedance of the amplification stage according to
variations in the R and C values: (a) schematic, (b) variation in the R value, and (c) variation in the
C value.

Consequently, from Figures 6 and 7, when the RC-feedback technique is used, the
conjugate matching can be optimized without deteriorating the power matching. As shown
in Figure 8, it is possible to optimize the Sy, of the power amplifier by optimizing the R
and C values of the RC feedback. In this study, the R and C values of the RC feedback were
set to 150 (2 and 3 pF to secure wideband conjugate matching.

1.0j 1.0j

0.2 S22 5.0j S22 5.0j
RC feedback RC feedback
R control C control
(C=3.1 pF) (R=160 O)
——500Q ——0.05 pF
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——2000 ——2pF
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03 ——3000 Resistance S0 | ——apF
\ increasing \
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Figure 8. Variation in the simulated Sy, of the power amplifier according to variations in the R and C
values: (a) variation in the R value and (b) variation in the C value.
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4. Design Results of the Proposed CMOS Power Amplifier

In order to verify the effectiveness of the proposed design methodology, a power
amplifier operating from 0.9 GHz to 2.4 GHz was designed using a 180 nm RFCMOS
process. The amplifier was designed as a single stage with a differential structure, and
input and output transformers were used. In addition, it was designed in a cascode
structure to overcome the low breakdown voltage of CMOS, and the supply voltage was
3.3 V. Figure 9 presents the schematic of the designed power amplifier, and the values of
the used devices are summarized in Table 1.

Ry

CS Bias A R Cr
RFin Lbond TW—II] Lbond RFour
= ! T
Zpcp A Zpcp
Cp co,b
1
La
n B(?nd-wir'e . —_ ‘ § hid
[ Printed circuit board ¢S Bias R -
b VDD
CG Bias
Figure 9. Schematic of the designed CMOS power amplifier.
Table 1. Size of the used transistors, inductors, and capacitors.
Device Value Device Value Device Value
CP 2.8 pF Lbond 0.5nH ZPCB 44.2-459 O
Coa 6.5 pF Ry, 2.0kO Common source TR 180/8/16/30 ()
Copb 2.0 pF Rp 150 O Common gate TR~ 350/8/16/36 ()

L A 0.4nH CF 3 pF - -
M gate length (nm)/unit gate width (um)/# of finger/# of multi.

Figure 10 shows a chip photograph of the fabricated power amplifier. The sizes of the
input and output transformers were 0.60 x 0.22 mm? and 0.70 x 0.45 mm?, respectively.
The overall size of the power amplifier chip including the test pads was 1.38 x 0.90 mm?.

I 1.38 mm

Y_

Wideband
input matching network

Je :
[l .'-v

ww 60

=T Wideband™
output matching network

Figure 10. Chip photograph of the designed power amplifier.
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Figure 11 shows the measured results of the S-parameters. The measured S11, Syp, and
571 at 1.8 GHz were —18.8 dB, —9.4 dB, and 12.5 dB, respectively. The measured Sy, Sy,
and Sy at 2.4 GHz were —16.0 dB, —6.3 dB, and 10.2 dB, respectively. The 3 dB bandwidth
was measured as approximately 1.5 GHz at a 1.5 GHz center frequency, in which case the
fractional bandwidth was 90.9%. As shown in Figure 11, the measurement results of the Sy
were somewhat deteriorated compared to the simulation results. This was expected due to
the fact that the errors in the electromagnetic (EM) simulation accuracy for interconnection
lines on PCB and integrated circuit and parasitic components that were not considered.

25 ————

N
o

S-parameter (dB)
'3 é h © o © o

M| 1

N 1 M N | N i | 1 " N
00 04 08 12 16 20 24 28 3.2 3.6 4.0

-20 L

Frequency (GHz)
Figure 11. Measured S-parameters of the designed CMOS power amplifier.

The following are measurement results using modulation signals of WCDMA, LTE,
and WLAN to verify the effectiveness of multi-standard support.

4.1. Measurement Results with WCDMA Modulated Signal

First, when a WCDMA modulated signal with a 5 MHz bandwidth was used, the
performance of the proposed power amplifier was measured.

As shown in Figure 12a, when the 1.8 GHz WCDMA signal was input, the maximum
linear output power that satisfies the ACLR of —33 dBc was measured as 26.77 dBm, and
the PAE was measured as 29.35%. Figure 12b shows the measurement results of the ACLR
according to the output power in the operating frequency range from 0.95 GHz to 2.40 GHz.
Under conditions where the ACLR was less than —33 dBc, the output power was measured
in the range of 24.27 dBm to 27.48 dBm. Figure 12c shows the measurement results of the
output power, gain, PAE, and ACLR according to the operating frequency.
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Figure 12. Measurement results with a 5 MHz bandwidth WCDMA modulated signal: (a) gain, PAE,
and ACLR at 1.8 GHz, (b) ACLR according to output power, and (c) output power, gain, PAE, and
ACLR, according to the operating frequency.

4.2. Measurement Results with LTE Modulated Signal

When an LTE modulated signal with a 10/20 MHz bandwidth was used, the perfor-
mance of the proposed power amplifier was measured as shown in Figure 13.

As shown in Figure 13a, when the 10 MHz bandwidth LTE signal at a center frequency
of 1.8 GHz was input, the maximum linear output power that satisfies the ACLR of —30 dBc
was measured as 25.07 dBm, and the PAE was measured as 27.70%. Figure 13b shows
the measurement results of ACLR with a 10 MHz bandwidth LTE signal according to
the output power in the operating frequency range from 0.95 GHz to 2.40 GHz. Under
conditions where the ACLR was less than —30 dBc, the output power was measured in
the range of 20.92 dBm to 25.78 dBm. Figure 13c shows the measurement results of the
output power, gain, PAE, and ACLR with a 10 MHz bandwidth LTE signal, according to
the operating frequency.

As shown in Figure 14a, when the 20 MHz bandwidth LTE signal at center frequency
of 1.8 GHz was input, the maximum linear output power that satisfies the ACLR of —30 dBc
was measured as 23.56 dBm, and the PAE was measured as 21.61%. Figure 14b shows
the measurement results of ACLR with a 20 MHz bandwidth LTE signal according to
the output power in the operating frequency range from 0.95 GHz to 2.40 GHz. Under
conditions where the ACLR was less than —30 dBc, the output power was measured in
the range of 20.80 dBm to 25.28 dBm. Figure 14c shows the measurement results of the
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output power, gain, PAE, and ACLR with 20 MHz bandwidth LTE signal, according to the
operating frequency.

35 T T 20 0 T T T T
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Figure 13. Measurement results with a 10 MHz bandwidth LTE modulated signal: (a) gain, PAE, and
ACLR at 1.8 GHz, (b) ACLR according to output power, and (c) output power, gain, PAE, and ACLR,
according to the operating frequency.

4.3. Measurement Results with a WLAN Modulated Signal

When a 64 QAM 802.11n WLAN modulated signal with 2.4 GHz operating frequency
was used, the performance of the proposed power amplifier was measured.

As shown in Figure 15a, when the 64 QAM 802.11n WLAN signal at a center frequency
of 2.4 GHz was input, the maximum linear output power that satisfied the EVM of 3.98%
was measured as 21.00 dBm, and the PAE was measured as 14.40%. Figure 15b shows
the measurement results of ACLR with a 64 QAM 802.11n WLAN signal according to
the output power in the operating frequency range from 0.95 GHz to 2.40 GHz. Under
conditions where the EVM was less than 3.98%, the output power was measured in the
range of 20.92 dBm to 25.78 dBm. Figure 15c shows the measurement results of the output
power, gain, PAE, and EVM with a 64 QAM 802.11n WLAN signal, according to the
operating frequency.
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Figure 14. Measurement results with a 20 MHz bandwidth LTE modulated signal: (a) gain, PAE, and
ACLR at 1.8 GHz, (b) ACLR according to output power, and (c) output power, gain, PAE, and ACLR,
according to the operating frequency.

The performance of the multi-band CMOS power amplifier is summarized and com-
pared with various CMOS power amplifier in Table 2. As shown in Table 2, the power
amplifier of this study occupied the small chip area, but the multi-band performance
was comparable.

Table 2. Comparison of state-of-the-art CMOS multi-band power amplifiers.
Tech. Freq. Py PAE . . Size ) .
Ref. (am) ( GHZ) ( dlgxe:) (%) Modulation Signal (mm?) Configuration
0.65 18.2 -
[22] 40 802.11n 64 QAM, 20 MHz, 2% 1.98 x 1.61 Single PA
0.88 184 -
[23] 110 1.8-2.3 27.3 26.1-33 LTE 16 QAM, 10 MHz, —30 dBc 252 x 0.9 Single PA
0.9 26.2 19.4
EDGE, —54 dBc@400 KHz 3%3 )
[24] 110 26.7 25.6 Multiple PAs
1.9 (package)
26 25 WCDMA, 3.84 MHz, —33 dBc
1.95 25.6 - WCDMA, 3.84 MHz, —33 dBc
[25] 180 2.45 20.2 - 802.11g 64 QAM, 20 MHz, 3% 1x26 Single PA
2.35 24.7 19 LTE 16 QAM, 20 MHz, —33 dBc
1.8 26.7 29.3 WCDMA, 3.84 MHz, —33 dBc
; 1.8 25.0 27.7 LTE 16 QAM, 10 MHz, —30 dB
Wome 180 Q : < 138 x 0.9 Single PA
or 1.8 23.5 21.6 LTE 16 QAM, 20 MHz, —30 dBc
24 21.0 14.4 802.11n 64 QAM, 20 MHz, 3.98%
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Figure 15. Measurement results with a 64 QAM 802.11n WLAN modulated signal: (a) gain and
EVM at 2.4 GHz, (b) EVM according to output power, and (c) output power, gain, PAE, and EVM,
according to the operating frequency.

5. Conclusions

In this study, we proposed a wideband power amplifier using a 180 nm RFCMOS pro-
cess. The proposed wideband power amplifier operates from 1.0 GHz to 2.4 GHz without
using additional circuits and switches through the proposed input and output matching
circuits. To verify the proposed matching techniques, we measured the performance of the
fabricated CMOS power amplifier using WCDMA, LTE, and WLAN modulated signals.
The measured performance of the designed dual-band power amplifier was 27.3 dBm linear
output power and 32.3% PAE with the WCDMA modulated signal at 1.8 GHz. With a
10 MHz (20 MHz) bandwidth LTE modulated signal, the measured linear output power
and PAE were 25.8 dBm (23.8 dBm) and 28.64% (23.00%), respectively. In addition, with a
64 QAM 802.11n WLAN modulated signal at the 2.4 GHz center frequency, the measured
linear output power and PAE were 21.10 dBm and 15.00%, respectively.
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