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Abstract: The narrowband Internet-of-Things (NB-IoT) has been developed to provide low-power,
wide-area IoT applications. The efficiency of a power amplifier (PA) in a transmitter is crucial for a
longer battery lifetime, satisfying the requirements for output power and linearity. In addition, the
design of an internal complementary metal-oxide semiconductor (CMOS) PA is typically required
when considering commercial applications to include the operation of an optional external PA. This
paper presents a dual-mode CMOS PA with an external PA driver for NB-IoT applications. The
proposed PA supports an external PA mode without degrading the performances of output power,
linearity, and stability. In the operation of an external PA mode, the PA provides a sufficient gain to
drive an external PA. A parallel-combined transistor method is adopted for a dual-mode operation
and a third-order intermodulation distortion (IMD3) cancellation. The proposed CMOS PA with
an external PA driver was implemented using 40 nm-CMOS technology. The PA achieves a gain
of 20.4 dB, a saturated output power of 28.8 dBm, and a power-added efficiency (PAE) of 57.8% in
high-power (HP) mode at 920 MHz. With an NB-IoT signal (200 kHz 7t/4-differential quadrature
phase shift keying (DQPSK)), the proposed PA achieves 24.2 dBm output power (Pout) with a 31.0%
PAE, while satisfying —45 dBc adjacent channel leakage ratio (ACLR). More than 80% of the current
consumption at 12 dBm Pout could be saved compared to that in HP mode when the proposed PA
operates in low-power (LP) mode. The implemented dual-mode CMOS PA provides high linear
output power with high efficiency, while supporting an external PA mode. The proposed PA is a
good candidate for NB-IoT applications.

Keywords: narrowband-Internet of Things (NB-IoT); dual-mode; CMOS; power amplifier (PA);
external PA driver; 3rd-order intermodulation distortion (IMD3) cancellation

1. Introduction

The Internet of Things (IoT) has attracted considerable interest because it enables
information access from anywhere and at anytime. The narrowband IoT (NB-IoT) is the
most suitable mobile network technology for IoT applications, which requires exceptionally
deep coverage and extremely low power consumption [1-3]. For a low-cost solution
with low power consumption of NB-IoT devices, CMOS technology is used widely to
consider a fully integrated system-on-chip solution [4-6]. With CMOS technology, the most
challenging block in an RF transceiver is the power amplifier. On the other hand, PAs
using III-V compound semiconductor technology typically provide a higher output power
with high efficiency because of the low breakdown voltage of the transistor and a lossy
substrate of CMOS, degrading the performance of the designed PAs [7-9]. Thus, when
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considering commercial applications, the design of an internal CMOS PA needs to include
the operation of an optional external PA [10-13]. When a higher linear output power level
is required, the main internal CMOS PA is turned off, while the external PA mode can
support the operation of an external III-V HBT-based PA operation. Although a design
method was introduced elsewhere [12], only the loss performances were considered. The
present study analyzes other circuit performances in the main internal PA mode, such as
linearity and stability.

This paper proposes a dual-mode CMOS PA with an external PA driver, which includes
a parallel-combined transistor, as shown in Figure 1. The proposed CMOS PA includes
switches and a drive amplifier for the external PA mode to provide sufficient gain for the
external PA mode, without degrading the performances of the main internal PA. Parallel-
combined transistors are adopted for the third-order intermodulation distortion (IMD3)
cancellation method and dual-mode operation.

Parallel-combined transistors

- IMD3 cancellation
(M;: Class A, M,: Class B)
- Dual-mode operation

Path for External PA mode
|
|
|
|
|

o Input
Matching

Figure 1. Block diagram of the proposed dual-mode PA with an external PA driver.

2. Design of Dual-Mode PA with an External PA Driver
2.1. Supporting External PA Mode

An additional path is generally required to support the external PA operation, as
described in Figure 1. With the operation of the external PA, an additional switch and
output port may be required for the additional signal path [10,11]. Several structures have
been introduced and compared in terms of the loss/gain of the path for the external PA
mode [12]. Considering the compact package form factor, input and output matchings
can be shared without adding an additional a port for the external PA mode, as shown in
Figure 2. The path for the external PA mode can be simply constructed with additional
switches, as shown in Figure 2a. An additional driver amplifier, which is called an external
PA driver (Ex_PA DA shown in Figure 2b), can also be added. Figure 2b shows the
proposed path structure of the path for the external PA mode with a switch and external
PA driver. The insertion loss of the switch can be minimized by increasing the size of the
switch, as shown in Figure 2a. Ahn et al. [12] analyzed only the loss/gain performances for
structures supporting an external PA mode. On the other hand, the interaction caused by
the shared output port should be considered carefully. Additional switches placed at each
path before the output matching in Figure 2 can minimize the interaction between the two
paths. On the other hand, an additional switch at an output part of the main internal PA
will substantially affect the output power and efficiency of the overall PA; this structure is
not the preferred method.
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Figure 2. Structures of the main internal CMOS PA supporting an external PA mode: (a) case

1: additional path with switch only; (b) case 2: the proposed structure with switch and external
PA driver.

Figure 3 presents a design process of a CMOS PA with an external PA driver for NB-IoT
applications. First, separately design each path for the main internal PA and external PA
modes. Second, consider the design of the main internal PA with the path for an external
PA mode. Each path must be redesigned if the design fails to meet the target specifications.

| Conception of the idea | Comparison with design specifications
v - Main internal PA mode
| Definition of the design | * Linearity
v IMD3 < ~ —37.5dBc @ 22 dBm
Implemetation |<_ (ACLR —45 dBc @ 24 dBm)
| 7 * Stability
- K-factor > 1
Design of the path - External PA mode
for main internal PA mode * Loss/Gain > ~ —2dB
Design of the path
for external PA mode
v
Design of the main internal PA

with the path for external PA

v

| Fabrication |

v

| Measurement and Verification |

Figure 3. Design process of CMOS PA with an external PA driver for NB-IoT applications.

NB-IoT requires at least 23 dBm linear output power for wide-area communication [1,14].
Performance degradation of the PA due to interactions with other blocks can occur when
a PA is implemented with other blocks in a transmitter chain. In addition, considering
the nonlinearity of the preceding blocks, some margins will be needed for a stand-alone
PA. Therefore, the target linearity specification of the PA in this work is —45 dBc adjacent
channel leakage ratio (ACLR) at 24 dBm output power. Considering the relationship
between ACLR and third-order intermodulation distortion (IMD3) performances, the target
IMD3 specification of the PA at the simulation stage is —37.5 dBc IMD3 at 22.5 dBm output
power. The stability of the designed PA is a critical consideration and can be determined
through the S parameters. S-parameter simulations have been performed using a Cadence
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Spectre simulator. The Rollett’s stability factor (K-factor) should be larger than one to
guarantee that the PA with an external PA driver remains stable [15].

For the operation of the external PA mode, the performance of loss/gain is a main
design consideration. Larger losses in the operation of the external PA mode can result in
the need for higher output power of the preceding block to compensate for this loss. Thus,
the target performance of the loss/gain in this work is greater than —2 dB.

Figure 4 shows the operation of the main internal PA mode for two cases (case 1 and
case 2) in the shaded region. The switch in the path for the external PA mode SWgx pa
is turned off, while the switch in the main path SWy,, is turned on. A large signal
operation will cause a significant interaction in the operation of the internal main path
because the linear output power level of the NB-IoT PAs is typically more than 20 dBm. In
addition, the increases in the size of the switches produce a larger parasitic capacitance,
resulting in a severe interaction at the off-state condition of the switch. For the case 1,
the performance variations in the main internal PA due to the interaction from different
switch size are examined by performing two-tone simulations centered at 920 MHz with
a 200 kHz tone spacing. As shown in Figure 5, the IMD3 performances are degraded as
the switch size increases. The proposed structure includes a cascode-based external PA
driver that minimizes the interaction compared to the switch only. Figure 6 shows the
simulation results of the K-factor with the path for an external PA mode. In the case of the
switch only, the K-factor degrades as the size of the switch increases because of the large
interaction from the large parasitic capacitance. The K-factor is less than one with a size of
W/L =160 um/550 nm and W/L = 320 um/550 nm, as shown in Figure 6. The proposed
structure provides better isolation performance than that of the switch only.

S l\
SWey pa oo EX_PA

O/C DA

@) (b)

Figure 4. Main internal PA mode operation: (a) case 1: additional path with switch only; (b) case 2:
the proposed structure with switch and external PA driver.

.25 | Case 1: Switch only

—e&— Size(80um/550nm)_Right
—A— Size(80um/550nm)_Left
—/— Size(160um/550nm)_Right
30 || —O— Size(160um/550nm)_Left
—— Size(320um/550nm)_Right
—— Size(320um/550nm)_Left

g Case 2: Proposed DA+Switch
a5 || —o— Right
T B . e
© .
a
=
-40
s
B/ AN
10 15 20 25
Average P_ _(dBm)

ouT

Figure 5. Simulated IMD3 results of the main internal PA with the path for an external PA mode.
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Figure 6. Simulated K-factors of the main internal PA with the path for an external PA mode.

Although a smaller switch size can minimize the interaction owing to the path for
the bypass mode, the loss of the bypass mode from the switch should be carefully in-
vestigated. Figure 7 shows the operation of the external PA mode for two cases in the
shaded region. The SWgx pa is turned on, while the SWy4in is turned off. Figure 8 com-
pares the simulated loss/gain for the external PA mode. Mismatches from the input and
output matchings increase the loss in the external PA mode because the input and out-
put matchings are optimized mainly for the performances of the main internal PA. The
switch size of W/L = 320 um/550 nm produces a lower loss for considering the design
of an additional path with switch only. On the other hand, because case 1 using the size
of W/L =320 um/550 nm gives the worst IMD3 performances and stability issues for the
main internal PA mode, this case cannot be adopted. Thus, case 1 cannot satisfy the design
specifications for both the main internal PA and external PA modes. Although additional
power consumption exists, the proposed structure with an external PA driver can meet all
the design specifications.

Interstage
Matching

Interstage
Matching

(@) (b)

Figure 7. External PA mode operation: (a) case 1: additional path with switch only; (b) case 2:
additional path with switch and external PA driver.
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Figure 8. Simulated loss/gain of the external PA mode for switch only and the proposed case.

2.2. Design of Dual-Mode with an External PA Driver

A parallel-combined transistor is typically used for the IMD3 cancellation
method [12,16-18]. This configuration is also adopted for the dual-mode operation to
save the current consumption in the lower power region in this work. Figure 9a,b show the
operations of the proposed parallel-combined transistors for HP and LP modes, respectively.
As shown in Figure 9a, for the power stage in a two-stage PA, parallel-combined transistors
for the common-source devices are adopted. Two switches, SW; and SW», control the
parallel-combined transistors.

VD D vDD
VQCQ" ﬂ vycg1
freq
lour fund g

——»—0 RFour
5

DC:0V
(My: turned off)

..,

RF;y lmund M, M, RFn | M, ‘ M,
| il ] E | il
I = | =
\
Sw, ™~ bc:v,,v sw, ‘ DC: Ve v
‘j j
Vg1 T \iswz Vyr T }_swz
Ve = Vg =
(a) (b)

Figure 9. Operations of the parallel-combined transistors: (a) IMD3 cancellation in HP mode;
(b) current consumption reduction in LP mode.

For the HP mode in the main PA, both SW; and SW5, which are connected to the
DC gate bias of the parallel-combined transistors, are turned off. The parallel-combined
transistors are used for the IMD3 cancellation. The gate bias voltage of one of the parallel-
combined transistors, My, is closer to the class-A region in the HP mode. In contrast, the
gate bias voltage of the other transistor M; is closer to the class-B region in the HP mode.
The phase of fundamental components is similar; thus, they are added. While the phase
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of the IMD3 components is approximately 180°, they cancel each other, resulting in the
linearity improvement.

For the LP mode, either SW; or SW,, is turned off, while the other is on, as shown in
Figure 9b. Therefore, one parallel-combined transistor is turned off to reduce the current
consumption. Because PAs can operate longer in LP mode than in HP mode, the efficiency
improvement in LP mode is helpful for a longer battery lifetime [19].

Figure 10 presents the overall schematic of the proposed CMOS PA. The main internal
PA consists of a two-stage design to provide a sufficient gain. Inter-stage matching is
implemented using on-chip elements, while input and output matchings are implemented
using off-chip elements on a printed circuit board (PCB). For the drive and power stage
in the main PA, a cascode configuration is adopted to reduce a voltage stress between
two terminals in both common-source and common-gate devices. The reliability of the
PA is improved using 2.5-V and 3.3-V thick-gate devices for the common-source and
common-gate devices, respectively.

To Mode SWhain|SWEex_pa|SW1| SW, [SW;3|SW,
Voo SWiar,  To To To HP mode | on off | off | off | off | on
(3.3v) SWex pa SW1~SW, Vg1~ Vi Voegr ~ Viegs LP mod on off | off | on | off | on
mode on off | on | off | off | on
PMIC SPI Ex_PA mode| off on |on| on | on ] off
logic
! )
| Ex PA DA
5V_Vpat =
SPI
Gate width(um) control

vgcg3

/Gate lenth (nm)
M4, M, 6400/250

M; 2560/250
M, 960/250 SwW,
Ms | 16000550 Excpa
M¢ 3200/550 o o _L
M, 960/550 0.7 pF AL 06nH  RFour
Ruias: 12 kQ -_l- Voo \, SWy
= 2 L Vaeg1 8.2 pF 8.2 pF
.1 n = P P!
MMIC Vo 1.4pFJ- @ Roias
VgcaZ Lc 4.1 -
% L .1 pF
2.4 pFJ_—R ‘: 1Lp F
\bias I r M
M, 2
RFn 34 SWiain 1.3kQ A
] | .
Tm\_m "0 . 4.1pF

-||_|

MJ E
5.2 pF 2.9 pF L K-}
Roias R SW; D A }_
ng =

Vs

Figure 10. Simplified circuit schematic of the dual-mode CMOS power amplifier with an external
PA driver.

An additional path is combined in parallel to the main internal PA path to support the
external PA mode. The output and input matchings are shared. In the external PA mode,
the switch in the path for the external PA mode SWgx pa is turned on, while the switch in
the main path SWy,in is turned off. Figure 7 presents the mode selection for the HP, LP,
and the external PA modes. The size of all switches is W/L = 80 um /550 nm.

3. Fabrication and Measurement Results

The proposed PA was fabricated in the 40 nm CMOS process, as shown in Figure 11.
The chip is 0.9 mm x 0.6 mm in size. Figure 11 also presents photographs of the imple-
mented PA, including the off-chip output matching elements. The supply voltage was 3.3 V
for both the main PA and external PA driver.
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S11, S21, and S22 (dB)

40

30

20

Figure 11. Photograph of the implemented dual-mode CMOS PA with external PA driver.

Figure 12 shows the measured small-signal performances, power gain, and PAEs
of HP, LP, and external PA modes. As shown in Figure 12a, the measured S21 shows a
band-limited performance owing to the inductor-capacitor resonance characteristics of
the input, inter-stage, and output matchings. For the 920 MHz signal, the power gain for
the HP, LP, and external PA modes are 20.4 dB, 17.3 dB, and 6.9 dB, respectively. The PA
achieves a saturated output power Pgat of 28.8 dBm while obtaining a peak PAE of 57.8%
in HP mode.

—&— Gain (HP mode)
HP mode LP mode ®— Gain (LP mode)
— o811 H —a_s21 —— 250 30 & Gain (Bypass mode)y T T T T 1] %
—a— 521 External PAmode |- —C— PAE (HP mode) T Rl S A S S
—— —— S22 S21 : 200 25 | —O— PAE (LP mode) JUEEUNS SN SRR U SO NS e GO I
N B ——————— —— PAE (Bypassmode)] : i ¢ i
L 150 T — F : r
¢ ) '40?
10— o - o —100 5 303
50 o <
% N (7)) 10®
: 0
. -50 1
- "
i i 1=— |.400 0 b ; UGaE: ‘ i ‘ Lo
0.5 1.0 1.5 -10 5 0 5 10 15 20 25 30
Frequency (GHz) Output Power (dBm)
(a) (b)

Figure 12. Measured (a) small-signal; (b) large-signal performances.

The two-tone signal measurement was performed at a center frequency of 920 MHz
with a tone spacing of 200 kHz, as shown in Figure 13. When applying the IMD3 cancella-
tion method, the gate bias voltage of M is closer to the class-A region, while the gate bias
voltage of M is closer to the class-B region. The same gate bias voltage is applied to both M;
and M, for the case without applying the IMD3 cancellation. With the IMD3 cancellation
using parallel-combined transistors, the IMD3 of the PA is maintained at less than —36 dBc
up to an output power of 23.5 dBm. The PA was tested with a 200 kHz 7/4-DQPSK signal
to verify the NB-IoT applications and evaluate the linearity performance. The PA in HP
mode achieves an output power of 24.2 dBm with a PAE of 31.0% by adopting the IMD3
cancellation method with a —45 dBc ACLR without external linearization techniques, as
shown in Figure 14a. The PA in LP mode achieves an output power of 12 dBm with
—45 dBc ACLR. In the external PA mode, the current consumption at 920 MHz is 40 mA at
an output power of —2 dBm with —58 dBc ACLR. The PA was also tested with a 10 MHz
64- quadrature amplitude modulation (QAM) orthogonal frequency division multiplexing
(OFDM) signal, as shown in Figure 14b. While meeting —40 dBc ACLR, the PA in HP and
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LP modes achieves output powers of 20.0 dBm and 12.1 dBm, respectively. The PA in the
external PA mode achieves an output power of —2 dBm with —54 dBc ACLR. Figure 15
presents the ACLR performance and current consumption according to the output power
sweep when it was tested with a 200 kHz 7/4-DQPSK signal. The red solid line shows
of the current consumption with the dual-mode operation while meeting —45 dBc ACLR.
By selecting LP mode at 12 dBm output power, the current consumption is 97 mA, and
approximately 82% of the current consumption is saved compared to 177 mA in HP mode.
In addition, by selecting the external PA mode, the PA achieves an output power of 0 dBm
with 40 mA current consumption while meeting —55 dBc ACLR. Figure 16 presents the
output spectrum results of the PA. Figure 16a—c depict the output spectrums in HP, LP,
and external PA mode, respectively, when it was tested with a 200 kHz 7t/4-DQPSK signal.
Figure 16d—f show the output spectrums in HP, LP, and external PA mode, respectively,
when it was tested with a 10 MHz 64-QAM OFDM signal.

-10 T T T
|| —=— IMD3_Right(w/i cancellation) | :  : . . |
—&— IMD3_Left(w/i cancellation) : : :
20 i —O— IMD3_Right(w/o cancellation) | -
L —— IMD3_Left(w/o cancellation) |..:...........[ P . .. . ..]
— -30 USRS SUUVEUS ISUUUR ORI SUUUUR SOV SRR UOUOUN @ - JUNOONE SO0 i
o)
[21]
) 3
- 40 R 4
a :
=
50 oo i
-60 i
=70 o 1 1 :
0 5 10 15 20 25 30
Average P . (dBm)
Figure 13. Measured IMD3 performance with and without IMD3 cancellation.
W77 T T T T B2l I S S S S [ S S B S R
| —B— ACLR Right |-+t | —m— ACLR Right]-iiiio i gl
30| —O—ACLR Left .| 30| —O— ACLR Left 1

ACLR (dBc)

ACLR (dBc)

0 5 10 15 20 25 30 ™0 5 10 15 20 25 30
Average P . (dBm) Average P _(dBm)
(a) (b)

Figure 14. Measured ACLR in HP, LP, and external PA modes with (a) a 200 kHz 7/4-DQPSK signal;
(b) 10 MHz 64-QAM OFDM signal.
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Figure 15. Measured ACLR performance and current consumption according to the output power
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Figure 16. Measured output spectrum results in HP, LP, and external PA modes with (a—c) a 200 kHz
m1/4-DQPSK signal; (d—f) 10 MHz 64-QAM OFDM signal.



Nanomaterials 2024, 14, 262

11 0f 13

Table 1 lists the performance of the proposed CMOS PA compared to other CMOS
PAs. The table includes the performance of recently published state-of-the-art CMOS PAs
operating at the sub-GHz frequency range. In addition, the performances of CMOS PAs
supporting an external PA mode are also included. Compared with other works operating
at the sub-GHz frequency range, the proposed PA gives the highest PAE at a saturated
output power. The PA in this work provides a dual-mode operation to save the current
consumption in the lower output power region. The proposed PA provides high linear
output power with high efficiency, while supporting an external PA mode for NB-IoT
applications. When it is tested with a NB-IoT signal, compared with the results of [20],
the output power is higher than 7 dB, and the PAE in this work is much higher than that
reported elsewhere [20], while meeting —45 dBc ACLR. In addition, the proposed PA
provides the highest saturated output power and PAE compared to other works supporting
an external PA mode. Thus, the proposed design supporting an external PA mode is a good
candidate for NB-IoT applications.

Table 1. Performance comparison with CMOS PAs operating sub-GHz range and CMOS PAs
supporting an external PA mode.

Reference This Work [20] [21] [2] [14] [22] [12] [13]
CMOS
Technology 40 nm 55 nm 0.18 um 0.18 um 55 nm 0.18 um 40 nm 40 nm
Frequency 920 920 921 750—960 850 880 2450 2445
(MHz)

Gain (dB) 20.4 240* 29.3 N/A N/A 133 248 37
PSAT (dBm) 28.8 28.8* 27.0 24.2 28.9 31.8* 27.9 265*
PAESAT (%) 57.8 475* 444 289 36.8 56.2* 39.5 38 (DE)

NB-IoT
Sienal (“éédiﬁzs/m NB-IoT 16-QAM N?Dggs%/ & 18NoB1-<113£ / 16-QAM 2%%2_’(3};‘& 802.11 g

& OFDM 200 kHz 20 MHz 375 v 64-QAM 10 MHz O NIHD 20 MHz
(64-QAM 10 : 20MHz
MHz)
12.8%*
31.0%(245mA
PAE (Current) @24.(2 dBnr; ) @16.5 dBm * W/}—Efg/} dB W/]—zéll\.? dB

@ Pout

. (HP)/ W/ 0, 0,

_ NA 28.9% 29.5% NA NA NA
WlﬂgciSRdBc 177mA (HP)/ —33.9 dBc @9.1dBm  @24.4dBm
(NB-IoT Signal) 7 mA(LF)  ACLR, 44.3% DPD applied  DPD applied
g @12 dBm @27.7 dBm
6.0%* @ 7.8%*
14.6% (148 mA) . 3 .
PAE@ ((Igurrtent) @20.0 dBm 17.0 dBm w/ E%/E;\/? dB  @7.5dBm 12‘9;/0 14%(DE)
ou - @192dBm  @18.5dB
with —40 dBc (FIF), NA w/—30dBe NA 26.1% w/-33dBc  w/_32dB w /_25011,131
(OFDM Signal) @12 dBm @21 dBm DPD applied @27 dBm
(NB-IoT Signal) —37dB —348dB
<—58 dB ACLR EVM EVM
ExternalMode  ~ o 4pm - - . . - @-5dBm @-5dBm*
(40mA) (18mA) (NA)

* graphically estimated, not implemented.

4. Conclusions

This paper introduces a design approach for the CMOS PA with an external PA mode,
which has been applied to a 40 nm CMOS technology. The design approaches supporting
an external PA mode have been analyzed. The proposed PA with an external PA driver
can support an external PA mode without degrading the performance of the main internal
CMOS PA. Furthermore, the proposed dual-mode CMOS PA adopts parallel-combined
transistors to cancel out the IMD3 components in the HP mode and reduce the current
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consumption in the LP mode. The linearity performance of the proposed PA has been
evaluated with NB-lIoT and OFDM signals.

Author Contributions: Conceptualization, H.A. and O.L.; methodology, H.A. and O.L.; data curation,
H.A. and K.O.; formal analysis, H.A., K.O.,S.-E.C., D.-H.S., LN., K.L. and O.L.; investigation, H.A.,
K.O, IN,, K.L. and O.L,; resources, O.L.; software, H.A., K.O., S.-E.C. and D.-H.S.; supervision, O.L.;
validation, H.A., K.O., S.-E.C. and D.-H.S,; visualization, H.A., K.O., S.-E.C. and D.-H.S.; writing—
original draft, H.A. and O.L.; writing—review and editing, H.A., K.O., LN., K.L. and O.L; funding
acquisition, O.L.; project administration, O.L. All authors have read and agreed to the published
version of the manuscript.

Funding: This research received no external funding.
Data Availability Statement: Data are contained within the article.

Acknowledgments: This work was partly supported by the National Research Foundation of Korea
(NRF) grant funded by the Korea government (MSIT) (No. RS-2023-00277075) and in part by the In-
stitute of Information and Communications Technology Planning and Evaluation (IITP) grant funded
by the Korean government (MSIT) (2022-0-00720, Development of W-band compact, high- efficiency,
novel RF/power components for next-generation high-speed low-orbit satellite communications).
The CAD tools were supported by IDEC.

Conflicts of Interest: Author Hyunjin Ahn was employed by the company Qualcomm Inc. Author Se-
Eun Choi was employed by the company Samsung Electronics. Author Dong-Hee Son was employed
by the company Hanwha Aerospace. Author Kyoohyun Lim was employed by the company Point2
Technology. The remaining authors declare that the research was conducted in the absence of any
commercial or financial relationships that could be construed as a potential conflict of interest.

References

1. Chen, M,; Miao, Y.; Hao, Y.; Hwang, K. Narrow band Internet of Things. IEEE Access 2017, 5, 20557-20577. [CrossRef]

2. Song, Z.; Liu, X.; Zhao, X; Liu, Q.; Jin, Z.; Chi, B. A low-power NB-IoT transceiver with digital-polar transmitter in 180-nm
CMOS. IEEE Trans. Circuits Syst. I 2017, 64, 2569-2581. [CrossRef]

3.  Ratasuk, R.; Vejlgaard, B.; Mangalvedhe, N.; Ghosh, A. NB-IoT system for M2M communication. In Proceedings of the IEEE
Wireless Communications and Networking Conference, Doha, Qatar, 1-5 April 2016.

4. Lee J;Han,];Lo,C-L,; Lee, J.; Kim, W,; Kim, S.; Kang, B.; Han, |.; Jung, S.; Nomiyama, T.; et al. NB-IoT and GNSS all-in-one
system-on-chip integrating RF transceiver, 23-dBm CMOS power amplifier, power management unit, and clock management
system for low cost solution. IEEE ]. Solid-State Circuits 2020, 55, 3400-3413. [CrossRef]

5. Guo, H; Chan, TF; Lai, Y.T.; Wan, K.C.; Chen, L.; Wong, W.P. A SAW-less NB-IoT RF transceiver with hybrid polar and on-chip
switching PA supporting power class 3 multi-tone transmission. In Proceedings of the 2020 IEEE International Solid-State Circuits
Conference—(ISSCC), San Francisco, CA, USA, 16-20 February 2020; pp. 464—466.

6. Choi, J.; Kim, N.-S. A Spurious and Oscillator Pulling Free CMOS Quadrature LO-Generator for Cellular NB-IoT. IEEE Trans.
VLSI Syst. 2021, 29, 2098-2109. [CrossRef]

7. Ahn, H,; Oh, K; Nam, I; Lee, O. Highly efficient HBT power amplifier using high-Q single- and two-winding transformer with
IMD3 cancellation. IEEE Access 2021, 9, 85060-85070. [CrossRef]

8. Nitesh, R.S.; Rajendran, ].; Ramiah, H.; Yarman, B.S. A 0.8 mm? sub-GHz GaAs HBT power amplifier for 5G application achieving
57.5% PAE and 28.5 dBm maximum linear output power. IEEE Access 2019, 7, 158808-158819. [CrossRef]

9. Lee, W.; Kang, H.; Lee, H.; Lim, W,; Bae, J.; Koo, H.; Yoon, J.; Hwang, K.C.; Lee, K.Y.; Yang, Y. Broadband InGaP/GaAs HBT
power amplifier integrated circuit using cascode structure and optimized shunt inductor. IEEE Trans. Microw. Theory Tech. 2019,
67,5090-5100. [CrossRef]

10. Broadcom. Part Number BCM43455. Available online: https://datasheetspdf.com/datasheet/ BCM43455.html (accessed on 11
January 2024).

11.  Qualcomm. Part Number WCN3680B/WCN3660B. Available online: https://dokumen.tips/documents/wcn3680bwcn3660b-
device-specification-wcn3680bwcn3660b-ic-ensures-hardware-and.html?page=8 (accessed on 11 January 2024).

12. Ahn, H,; Baek, S.; Nam, I.; An, D.; Lee, ].; Jeong, M.; Kim, B.-E.; Lee, Y.-T.; Kim, H.-T.; Ho, Y.-C.; et al. A fully integrated —32-dB
EVM broadband 802.11abgn/ac PA with an external PA driver in WLP 40-nm CMOS. IEEE Trans. Microw. Theory Tech. 2019, 67,
1870-1882. [CrossRef]

13.  Ryu, N.; Park, B.; Jeong, Y. A fully integrated high efficiency RF power amplifier for WLAN application in 40 nm standard CMOS
process. IEEE Microw. Wirel. Compon. Lett. 2015, 25, 382-384. [CrossRef]

14. Yin, Y,; Xiong, L.; Zhu, Y.; Chen, B.; Min, H.; Xu, H. A compact dual-band digital polar Doherty power amplifier using

parallel-combining transformer. IEEE ]. Solid-State Circuits 2019, 54, 1575-1585. [CrossRef]


https://doi.org/10.1109/ACCESS.2017.2751586
https://doi.org/10.1109/TCSI.2017.2707412
https://doi.org/10.1109/JSSC.2020.3012742
https://doi.org/10.1109/TVLSI.2021.3105819
https://doi.org/10.1109/ACCESS.2021.3088269
https://doi.org/10.1109/ACCESS.2019.2949369
https://doi.org/10.1109/TMTT.2019.2936375
https://datasheetspdf.com/datasheet/BCM43455.html
https://dokumen.tips/documents/wcn3680bwcn3660b-device-specification-wcn3680bwcn3660b-ic-ensures-hardware-and.html?page=8
https://dokumen.tips/documents/wcn3680bwcn3660b-device-specification-wcn3680bwcn3660b-ic-ensures-hardware-and.html?page=8
https://doi.org/10.1109/TMTT.2019.2899332
https://doi.org/10.1109/LMWC.2015.2421351
https://doi.org/10.1109/JSSC.2019.2896407

Nanomaterials 2024, 14, 262 13 of 13

15.
16.

17.

18.

19.

20.

21.

22.

Pozar, D.M. Microwave Engineering, 4th ed.; John Wiley & Sons, Inc.: Hoboken, NJ, USA, 2012.

Ding, Y.; Harjani, R. A high-efficiency CMOS +22-dBm linear power amplifier. IEEE ]. Solid-State Circuits 2005, 40, 1895-1900.
[CrossRef]

Joo, T.; Koo, B.; Hong, S. A WLAN RF CMOS PA with large signal MGTR method. IEEE Trans. Microw. Theory Tech. 2013, 61,
1272-1279. [CrossRef]

Jung, D.; Zhao, H.; Wang, H. A CMOS highly linear Doherty power amplifier with multigated transistors. IEEE Trans. Microw.
Theory Tech. 2019, 67, 1883-1891. [CrossRef]

Fowler, T.; Burger, K.; Cheng, N.-S.; Samelis, A.; Enobakhare, E.; Rohlfing, S. Efficiency improvement techniques at lower power
levels for linear CDMA and WCDMA power amplifier. In Proceedings of the 2002 IEEE Radio Frequency Integrated Circuits
(RFIC) Symposium, Seattle, WA, USA, 34 June 2002; pp. 41-44.

Lim, W,; Kang, H.; Lee, W.; Bae, |.; Oh, S.; Oh, H.; Chae, S.; Hwang, K.C.; Lee, K.-Y.; Yang, Y. Dual-mode CMOS power amplifier
based on loadimpedance modulation. IEEE Microw. Wirel. Compon. Lett. 2018, 28, 1041-1043. [CrossRef]

Rawat, A.S.; Rajendran, J.; Marianppan, S.; Shasidharan, P.; Kumar, N.; Yarman, B.S. A 919 MHz—923 MHz, 21 dBm CMOS
power amplifier with bias modulation linearization technique achieving PAE of 29% for LoRa application. IEEE Access 2022, 10,
79365-79378. [CrossRef]

Cho, Y.; Moon, K,; Park, B.; Kim, J.; Kim, B. Voltage-combined CMOS Doherty power amplifier based on transformer. IEEE Trans.
Microw. Theory Tech. 2016, 64, 3612-3622. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1109/JSSC.2005.848179
https://doi.org/10.1109/TMTT.2013.2244228
https://doi.org/10.1109/TMTT.2019.2899596
https://doi.org/10.1109/LMWC.2018.2871339
https://doi.org/10.1109/ACCESS.2022.3193689
https://doi.org/10.1109/TMTT.2016.2603499

	Introduction 
	Design of Dual-Mode PA with an External PA Driver 
	Supporting External PA Mode 
	Design of Dual-Mode with an External PA Driver 

	Fabrication and Measurement Results 
	Conclusions 
	References

