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BRIEF PAPER

A 0.4–1.2 GHz Reconfigurable CMOS Power Amplifier for
802.11ah/af Applications

Jaeyong KO†a), Member and Sangwook NAM††, Nonmember

SUMMARY A reconfigurable broadband linear power amplifier (PA)
for long–range WLAN applications fabricated in a 180 nm RF CMOS pro-
cess is presented here. The proposed reconfigurable in/output matching
network provides the PA with broadband capability at the two center fre-
quencies of 0.5 GHz and 0.85 GHz. The output matching network is real-
ized by a switchable transformer which shows maximum peak passive effi-
ciencies of 65.03% and 73.45% at 0.45 GHz and 0.725 GHz, respectively.
With continuous wave sources, a 1–dB bandwidth (BW1−dB) according to
saturated output power is 0.4–1.2 GHz, where it shows a minimum output
power with a power added efficiency (PAE) of 25.62 dBm at 19.65%. Us-
ing an adaptive power cell configuration at the common gate transistor, the
measured PA under LTE 16–QAM 20 MHz (40 MHz) signals shows an av-
erage output power with a PAE exceeding 20.22 (20.15) dBm with 7.42
(7.35)% at an ACLRE−UTRA of −30 dBc, within the BW1−dB.
key words: broadband, CMOS, IEEE 802.11ah/af standards, reconfig-
urable transformer, power amplifier

1. Introduction

With the development of smart home, Machine–to–Machine
(M2M) and the Internet–of–Things (IoT), there has been
a great deal of interest in expanding research on the ISM
bands [1]. Despite the rapid development of IEEE 802.11
devices on the 2.4 GHz frequency band and IEEE 802.15.4–
based sensor devices at ultrahigh frequencies, the spectrum
below 1 GHz has also been the subject of new attraction
in both the research and standardization areas due to its
license–exempt statue, lower obstruction losses and longer
communication distances.

The IEEE 802.11ah/af standards (470–698 MHz/755–
928 MHz) offer WiFi–like experience with reasonable data
rates up to and beyond one kilometer [2], [3]. However,
the operation frequencies of 802.11ah/af are too broad for
one integrated PA to cover. Although several approaches
have been developed to achieve broadband behavior with
high output power [7], [8], they cannot be applied to the
802.11ah systems. Therefore, a reconfigurable operation in
the PA is required to achieve a broader bandwidth. In this
Letter, a switchable balun/transformer (TF) is employed as
an in/output matching network of the PA, thus offering two
modes of operation; Lower frequency mode (LFM): 0.4–
0.6 GHz, Higher frequency mode (HFM): 0.6–1.1 GHz. The
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fabricated CMOS PA shows a 1–dB bandwidth (BW1−dB) of
0.4–1.2 GHz under continuous wave (CW) measurements.
Within the BW1−dB, the PA generates an average output
power (PAVG) which exceeds 20.22 (20.15) dBm below
an ACLRE−UTRA of −30 dBc for LTE 16–QAM 20 MHz
(40 MHz) signals.

2. Circuit Design of the Reconfigurable Broadband
Linear PA

Considering load–pull contours performed at 0.5 GHz and
0.85 GHz (Fig. 1 (a)), the output matching network (OMN)
requires a smaller shunt inductor to resonate with the device
output capacitance as the frequency increases.

Fig. 1 (a) Normalized ZLoad with variations of L1, L2 and C2 at 0.5 GHz
and 0.85 GHz, and (b) physical layout of the designed OMN.
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Fig. 2 Overall schematic of the reconfigurable broadband PA.

As illustrated in Fig. 1 (a), the OMN employs an equiv-
alent circuit of a high–Q TF and additional capacitors (C1,
C2). Given that the coupling factor is 0.75 and the quality
factor is 10, transformed load impedance (ZLoad) was simu-
lated as follows: trajectories of ZLoad are drawn by varying
the primary winding inductance (L1) and C2 from 1.5 nH to
3.5 nH and from 7.0 pF to 28.0 pF (increments of 7.0 pF),
respectively, at both 0.5 GHz and 0.85 GHz. Figure 1 (a)
shows that the real part of ZLoad increases with the higher L1,
whereas C2 provides precise control of ZLoad to the load pull
contours. From the calculations, higher and lower values of
L1 (2.75 nH and 2.56 nH) and C2 (23.5 pF and 9.44 pF) are
required at 0.5 GHz and 0.85 GHz, respectively, while the
C1 (0.0 pF) and L2 (5.03 nH) values are fixed at both fre-
quencies.

The designed reconfigurable OMN is presented in
Fig. 1 (b); L1 increases with the LFM owing to the inner
turn winding while C2 decreases for the HFM due to the
OFF–capacitance (COFF) of S2. To ensure proper opera-
tions, S1 and S2 are turned OFF and ON for the LFM, re-
spectively, while they are correspondingly turned ON and
OFF for the HFM. To avoid the effect of parasitic capaci-
tance between the outer and inner primaries, a gap of 400 µm
exists, maintaining high passive efficiency of the HFM. Fig-
ure 2 presents an overall schematic of the proposed PA, with
S1 (4.608 mm/0.35–µm) and S2 (2.304 mm/0.18–µm) im-
plemented by a thick gate–oxide transistor and two stacked
transistors, respectively.

As illustrated in Fig. 3 (a), the switches possess power–
handling capability in the OFF–state. With corresponding
COFF and Ron of 1.61 pF and 0.36Ω for the S1, the peak
passive efficiencies of the OMN are 65.03% and 73.45%
for LFM and HFM operations, respectively, as shown in
Fig. 3 (b). Also considering a COFF of 0.61 pF for the S2, the
designed ZLoad values are 9.58+j4.75Ω and 10.09+j0.34Ω
at 0.5 GHz and 0.85 GHz, respectively, well within the load–
pull contours, as presented in Fig. 4 (a).

To achieve higher linearity for the HFM, an adaptive
power cell configuration at the common gate (CG) power
cell is applied with a different bias condition (VCG1: 2.36 V,
VCG2: 2.06 V) [6]. When the PA operates in lower power
region, the CG1 (M3, M4) turns on first. As the input power
increases, the source voltage of the CG becomes lower and
CG2 (M5, M6) also turns on. This proceeds that the in-

Fig. 3 (a) Simulated voltage difference waveforms of S1 and S2 in the
OFF–state, and (b) passive efficiencies and complex ZLoad depending on
the mode operation.

Fig. 4 (a) Normalized ZLoad of the proposed OMN according to vari-
ous modes of the switches, and (b) simulated AM–PM distortion results at
0.85 GHz.
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put average capacitance variation of each CG has a different
sign and the total average capacitance variation can become
small due to mutual cancelling. Thus, phase distortion is
compensated by 0.3◦ at 0.85 GHz, as shown in Fig. 4 (b). In
addition, a PAVG at −30 dBc is improved by 0.3 dB for two–
tone simulations with a tone spacing of 40 MHz.

3. Measurement Results

Figure 5 (a) shows a microphotograph of the proposed PA
implemented in the 0.18–µm 1P6M RF CMOS process.
With a drain bias of 3.0 V, the PA consumes 440 mA and
430 mA of quiescent current for the LFM and HFM, re-
spectively. With the help of a switchable input balun, the
measured peak small–signal gains achieved are 22.0 dB and
24.51 dB at 0.58 GHz and 0.8 GHz, respectively, as depicted
in Fig. 5 (b). For the third–order harmonic of the HFM
(around the ISM band), the small–signal gain presents lower
than −20 dB and the signals can be filtered by duplexers be-
fore antennas.

As illustrated in Fig. 6, a BW1−dB range according to
CW measurements is 0.4–1.2 GHz, generating an output
power with a power added efficiency (PAE) of more than
25.62 dBm at 19.65%. For LTE 16–QAM 20 MHz/40 MHz
signals (PAPR: 7.6 dB), the PA when reconfigured achieves
a PAVG of more than 20.22 dBm/20.15 dBm, while its PAE

Fig. 5 (a) Chip microphotograph of the CMOS PA (size=2.62 ×
1.97 mm2), and (b) simulated/measured S–parameter for each mode op-
eration.

Fig. 6 Simulated/measured saturated output power and peak PAE versus
the RF frequencies.

exceeds 7.42%/7.35% at an ACLRE−UTRA of −30 dBc, as
shown in Fig. 7.

Figure 8 shows the measured output spectrum at
0.5 GHz and 0.85 GHz with channel bandwidths of 10, 20,
and 40 MHz. Table 1 summarizes the comparison with pre-
vious reported broadband CMOS PAs performing at sub–
GHz. Since the proposed PA shows the most broadband
characteristic with high linear output power (> 21.5 dBm),
this amplifier is sufficiently suitable for use in WLAN
802.11af/ah transceivers.

Fig. 7 Measured LTE 16–QAM 20– and 40–MHz performances from
0.45 to 1.15 GHz.

Fig. 8 Measured output power spectrum of the PA using 10–, 20– and
40–MHz LTE 16–QAM signals centered at (a) 0.5 GHz and (b) 0.85 GHz.
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Table 1 Comparison of broadband CMOS PAs performing at sub–GHz

4. Conclusion

This work demonstrates a reconfigurable broadband CMOS
PA which targets long–range WLAN applications. The PA
operating in two modes incorporates an integrated switch-
able balun/transformer for an in/output matching network.
The OMN provides optimal loads and high passive effi-
ciencies for each mode. Using CW sources, the measured
BW1−dB depending on saturated output power shows 0.4–
1.2 GHz, presenting an output power with a PAE higher than
25.62 dBm at 19.65%. Under LTE 16–QAM 20 (40) MHz
measurements within the BW1−dB, the PA generates a min-
imum PAVG of 20.22 (20.15) dBm with an ACLRE−UTRA of
−30 dBc. These results validate that the suggested design
can deliver a linear amplification for a broadband/wideband
signal of sub–GHz long–range wireless applications.
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