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Abstract: In this paper, a new topology for a high-power single-pole-double-throw (SPDT) antenna
switch is presented, and its loss mechanisms are fully analyzed. The differential architecture is
employed in the proposed switch implementation to prevent unwanted channel formations of OFF-
state Rx switch transistors by relieving the voltage swing over the Rx switch devices. In addition to
that, the load impedance seen by the Tx switch is stepped down to reduce the voltage swing even
more, allowing the antenna switch to handle a high-power signal without distortions. To drop the
switch operating impedance, two matching networks are required at the input and the output of the
Tx switch, respectively, and they are carefully implemented considering the integration issue of the
front-end circuitries. From the loss analysis of the whole signal path, an optimum switch operating
impedance is decided in view of a trade-off between power handling capability and insertion loss of
the antenna switch. The insertion loss of the proposed design is compared to the conventional design
with electromagnetic (EM) simulated transformer and inductors. The proposed antenna switch is
implemented in a standard 0.18 pm CMOS process, and all switch devices adopt the deep n-well
structure. The measured performance of the proposed transmitter front-end chain shows a 1 dB
compression point (P14p) of 32.1 dBm with 38.3% power-added efficiency (PAE) at 1.9 GHz.

Keywords: CMOS switch; differential switch; front-end integration; high-power switch; multi-section
impedance transformation

1. Introduction

The full integration of radio frequency (RF) functional building blocks is a design
trend in wireless communication applications [1]. The integration trend is mainly driven by
the explosive demand for low-cost transceiver solutions for various wireless applications.
Therefore, CMOS technology is in the spotlight as the potential candidate to achieve the
fully integrated RF transceiver, thanks to its low cost and high feasibility of integration.
However, it is very challenging to realize the fully integrated CMOS radio because of some
flaws embedded in the process itself. Particularly, the CMOS implementation is not suitable
for high-power-handling components such as power amplifiers (PAs) and antenna switches
due to low breakdown voltage and substrate parasitic components of active devices.

There have been numerous efforts to overcome these drawbacks in the RF antenna
switch design. Multiple transistors were stacked to secure the device reliability [2]. The LC
tuned substrate technique was applied to prevent junction diodes from forward biasing [3].
In addjition, the body floating technique was devised with triple-well devices [4]. As another
attempt to enhance the power performance of switches, the impedance transformation
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technique and the differential architecture were introduced [5,6]. Most recently, the body
isolation technique was used with an LC resonate Rx switch, resulting in 30 dBm of P145 [7].
In addition, more than a Watt-level of P145 was achieved by using switch devices with a
sub-design-rule (SDR) length and feed-forward capacitors [8]. However, the P14 of the
antenna switch still needs to be improved to a higher level to make the switch robust to
the antenna mismatch. In addition, even higher than 2-W levels of output power should
be handled by the antenna switch in some mobile applications. For example, the antenna
switch using silicon-on-insulator (SOI) or gallium-arsenide (GaAs) material shows more
than 37 dBm of P45 [9-12].

In this paper, we propose a new topology for a high-power antenna switch that handles
more than 2-W level of power, employing a multi-section impedance transformation
technique with a differential architecture, as shown in Figure 1b. Although additional
matching networks are required to control the switch operating impedance as presented
in [5], the number of additional matching networks is minimized in a proposed design
by utilizing the PA output matching as a part of the multi-section impedance matching.
The multi-section impedance matching also might be a better solution in perspective of
total efficiency in some cases [13]. Generally, the output impedance of PAs for Watt-level
applications is low to drive more current [14]. Consequently, a highly efficient output
matching for PAs is hard to achieve due to the large impedance transformation ratio. In the
proposed structure, the burden of impedance transformation is distributed to multi-section
matching networks (Figure 1b), instead of transforming at a time with a single matching
network (Figure 1a). In short, the proper switch load impedance for high-power switch
operation (between the output impedance of the PA and the antenna impedance) can be
obtained, minimizing the number of additional matching networks and loss of whole
signal path, in a proposed design. For the matching networks, the output transformer of
the PA and the LC balun are used, respectively. In this configuration, the total loss depends
on factors such as the impedance transformation ratio of matching networks and a switch
insertion loss corresponding to a load impedance seen by the switch. In other words, the
loss is eventually decided by the switch operating impedance. To select an optimum switch
operating impedance, the total loss and power performance of the proposed configuration
are analyzed with various switch operating impedances and compared to a conventional
switch structure. Although the basic concept of the proposed technique was introduced
in [15,16], a more analogous approach is described in this work to expand its applicability.
Only T/Rx switches were implemented, and a PA was not included in the works of [15,16].
In addition, a multi-section impedance transformation network was adopted with off-
chip baluns [16] or load-pull equipment [15]. In this work, a fully integrated differential
T/Rx switches and a power amplifier using a multi-section impedance transformation
network was implemented, and the measurement results demonstrate the operation of the
proposed technique.
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Figure 1. Block diagram of transmitter front-end. (a) Conventional structure with a single-ended switch.
(b) Proposed structure with a differential switch employing impedance transformation technique.

The paper is organized as follows. In Section 2, the differential switch using the
multi-section impedance transformation technique is described and explained briefly. The
loss analysis for each block is presented in Section 3, and the proposed switch design
and its implementation follow in Section 4. The measurement results for the stand-alone
differential switch are shown in Section 5, and conclusions are given in Section 6.

2. Proposed High-Power CMOS T/R Switch Structure

The power-handling capability of the antenna switch is mainly limited by the large
voltage swing of the high-power signal over the switch devices in Tx mode. While signal
is passing through an ON-state Tx switch, negative voltage peaks of the RF signal are
limited by the turn-on voltage of junction diodes. On the other hand, when a large voltage
stress is loaded over the OFF-state Rx switch, the voltage swing is limited not only by
the turn-on voltage of junction diodes but also by the threshold voltage and breakdown
voltage of OFF-state devices. Therefore, the power performance of the antenna switch can
be improved effectively by reducing the voltage swing over switch devices.

As one of the methods to relieve the voltage swing, the differential topology is pro-
posed in this design. The differential switch consists of two identical single-ended switches,
providing two signal paths. As a result, the voltage swing on each single-ended switch
can be reduced in half, while the antenna switch transmits the same power at the antenna
port. Secondly, the impedance transformation technique is applied to reduce the voltage
swing even more. The large voltage swing, which is demanded to transmit a certain level
of power, is relaxed by stepping down the load impedance seen by the antenna switch [5].
As shown in Figure 2, voltage swings over each single-ended switch path are reduced by
employing the differential structure, and they are decreased more as the switch operating
impedance reduces. In spite of these voltage reduction techniques, the voltage stress over
OFF-state switches are still large when high power signal transmits, so multiple switch
devices are stacked for OFF-state switches to distribute the stress to multiple devices [2].
The number of stacked transistors is strictly limited by the insertion loss in Rx mode, and
the number can be minimized in the proposed structure, reducing the size of voltage swing
as much as possible. In summary, the power-handling capability of the antenna switch
is enhanced by utilizing the impedance transformation technique with the differential
architecture, as shown in Figure 3.

In employing the impedance transformation technique, the matching networks are
implemented aiming to the fully integrated front-end with the PA. For the matching
network at the transmitter side, a transformer is utilized. While the transformer functions
as a matching network, it also combines the output powers transmitted from multiple
PAs compactly compared to the LC counterpart. Since the power combining is essential
to transmit higher power than Watt level, the transformer can be a good candidate for
the output matching network of high-power transmitters. For another matching network
between the switch and the antenna, the LC balun is implemented. It converts a differential
port to a single-ended port to match the unbalanced antenna as well as the transformer
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impedance. The LC balun is preferred for this matching, since it is easy to achieve the
accurate switch operating impedance with the LC balun by manipulating it. Even though
all of these functions can be done by one matching network [14], multi-section matching is
chosen to lower the switch operating impedance, in other words, to apply the impedance
transformation technique. In spite of the additional matching network in the proposed
structure, the loss of the multi-section matching network can be lower than that of the
single section matching network, according to its impedance transformation ratio and
transformation efficiency [17]. The following sections analyzed and compared the loss of

the proposed design to the loss of the single matching case.
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3. Loss Analysis

The antenna switch is located at the last stage of the transmitter chain and the first
stage of the receiver chain at the same time. Therefore, the insertion loss of the antenna
switch should be minimized to preserve the efficiency of the transmitter and the noise
figure of the receiver. In a proposed structure, the impedance transformation technique is
applied to improve the power performance of the antenna switch by lowering the switch
operating impedance, and there is a possibility to degrade the insertion loss. Additional
matching networks are required to use this technique, and even the insertion loss of the
switch itself is exacerbated with the reduced switch operating impedance [5]. Hence, the
loss should be optimized by selecting a proper switch operating impedance, controlling
the impedance transformation ratio of the matching networks, and minimizing the switch
insertion loss.

3.1. Multi-Section Impedance Transformation

2 + 1
1= r+ Qr2+4Q2(r—1) @
Q*+ 5
The most straightforward impedance matching method is the LC-type matching. In
Figure 4a, the LC matching with single input and single output is presented. As derived
in [13], the efficiency of the matching network is defined by Equation (1) where Q is
the quality factor (Q-factor) of the inductor used in the matching network and r is the
impedance transformation ratio, which is Rjo.q/Rin. The Q-factor of the capacitor is
generally much higher than that of the inductor, so the loss due to the capacitor is neglected
here. The equation is also valid for the LC matching with differential input and output
(Figure 4b). As shown in the equation, the loss of the matching mainly depends on two
factors, the Q-factor of the inductor and the impedance transformation ratio.

o—3 o—j
L Rioad Rin L 3 Rioad
Rin
2C

(a) (b)
Figure 4. Simple LC-type impedance matching networks. (a) Single-ended. (b) Differential.

In the proposed structure, the low output impedance of the PA is transformed to
switch the operating impedance by the first matching network, and the impedance is
stepped up once again by the second matching network to 50 (2. To compare the loss of the
multi-section matching (Figure 5a) to that of the single-section matching (Figure 5b), the
LC matching is utilized in the analysis here. Ry ow is assumed as 5 2, which is the output
impedance of the Watt-level power amplifier and Ryjgy is 50 €, which is the antenna
impedance. As mentioned earlier, the switch operating impedance, Rsy, is supposed to
be lower than 50 () to ensure the high-power performance of the antenna switch but not
excessively low to avoid loss degradation. On the other hand, the practical range of the
on-chip inductor Q-factor is approximately 5 to 20 at 1.9 GHz, while it is implemented
in a standard CMOS process. To achieve the higher inductor Q-factor, an integrated
passive device (IPD) or surface mount device (SMD) is required. Based on these practical
considerations for the proposed structure, the matching efficiencies according to Rsy and
inductor Q-factors are plotted in Figure 6. As shown in the graph, the loss of multi-section
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matching is maintained over a reasonable range of Rgy, a distributing large impedance
transformation ratio from 5 to 50 Q).
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Figure 5. Impedance matching networks from output of the PA to antenna. (a) Multi-section
matching. (b) Single-section matching.
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Figure 6. Efficiencies of impedance matching networks. Solid symbols and vacant symbols represent
efficiencies of multi-section and single-section matching, respectively.
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In the proposed switch design, deep n-well devices are utilized to employ the body
floating technique [4]. The cross-sectional view of the deep n-well NMOS switch device is
shown in Figure 7. Based on its physical structure, Figure 8a shows the equivalent-circuit
model of the device, and four p/n junction diodes are modeled as capacitors. To analyze
the insertion loss of the switch device, the model is simplified, as shown in Figure 8b [18].
Assuming that there is no mismatch between two differential signal paths, the efficiency of
differential switch is derived by the analysis, and it is represented by Equation (4).

Gate

Drain Source

n+
P-well ZS
Deep n-well

%

P-sub

Figure 7. Cross-sectional view of an NMOS transistor in a deep n-well.
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Figure 8. (a) Equivalent circuit model of deep n-well switch devices including substrate junction diodes. (b) Simplified

equivalent circuit model for analysis.

A major factor of the switch insertion loss is the on-resistance of the ON-state switch
device. In addition, the loss due to substrate leakage through parasitic capacitors con-
tributes to the total switch loss. Therefore, the width of the switch device is the most
important design consideration, balancing the effect of the on-resistance and parasitic cou-
pling effects to achieve the low insertion loss. However, for the proposed structure, there
is an additional factor that needs to be considered, since the impedance transformation
technique is utilized. It is the load and source impedance seen by the antenna switch. The
effect of this factor on the switch insertion loss is analyzed based on equations, as in the
previous page.



Electronics 2021, 10, 1028

8 of 19

In this analysis, parasitic capacitances and on-resistance are obtained by simulations,
and capacitances between p-well/deep n-well and deep n-well/p-sub were extracted by
measurements in the previous work under various p-well and deep n-well bias condi-
tions [18]. P-well and deep n-well ports are biased negatively and positively, respectively,
in order to bias the junction diodes reversely. As a result, the loss due to substrate leakage
is reduced because the capacitances, Cpyen_ pnw and Cpnw_psub, become smaller by the
biasing. The total capacitance Cr in Figure 8b is dominated by these small capacitors,
particularly, by Cpnw_psup- For the 1.5 mm standard 0.18 um CMOS device, 0.65 Q) of
on-resistance, 80 () of Ry,p, and 0.15 pF of Ct have been used for the analysis. The inser-
tion loss of the antenna switch is expressed by the reciprocal of the magnitude square of
S;1 which is equal to the derived efficiency in Equation (4). It is converted to dB scale
in Figure 9, and the result is well matched to the simulation result. As expected before,
the insertion loss of the switch is degraded with the low switch operating impedance,
especially with the excessively low impedance.
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Figure 9. Insertion loss of a single switch device versus switch operating impedances.

3.3. Total Loss

The dominating factor in selecting the optimum switch operating impedance is the
total loss, since the power-handling capability of the antenna switch is improved as the
switch operating impedance decreases. In Tx mode, the total loss of the antenna switches
with a multi-section matching network is maintained until the switch operating impedance
goes down to 20 (), comparing to the loss of the antenna switch with a single matching
(output matching of the PA), as shown in Figure 10. On the other hand, in Rx mode, the
total loss is worse than that of the single matching case and degraded monotonously as the
switch operating impedance decreases, as demonstrated in Figure 11.

That is because a matching network between the antenna and the switch, which is
unnecessary for the antenna switch with a single matching, is additionally implemented,
and its loss degrades as the impedance transformation ratio increases. Therefore, the switch
operating impedance should be chosen carefully, maintaining the total loss at a reasonable
level. In order to minimize the Tx loss and maintain the Rx loss under 1 dB, the impedance
cannot go lower than 30 or 35 (), assuming that the inductor quality factor is between
10 and 15.
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Figure 11. Total loss of the antenna switch with multi (scatter and line) and single-section (scatter)
matching network in Rx mode.

As shown in Figures 10 and 11, Tx/Rx insertion loss has been investigated with
a variation of the switch operating impedance, and 35 Q) of Rgy is chosen for the T/R
switch operating impedance to achieve high-power and highly efficient operation. The
first matching network (LC balun) transforms 50 (2 to the target impedance.

3.4. LC Balun Efficiency

The matching network at the antenna port is designed to obtain a low switch operating
impedance for better switch power performance in the proposed design. Since a differential
antenna switch is integrated to this matching directly, the matching has to be functioned
as a balun, unless a differential antenna is available. Therefore, a lattice-type LC balun is
implemented for the matching network. By implementing the LC balun with the differential
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antenna switch at the antenna port, a fully differential front-end including the PA, an
antenna switch, and a low noise amplifier (LNA) can be achieved converting the single-
ended antenna port to the differential port. Particularly, in Tx mode, the balun is utilized
to combine two differential RF signals at the antenna. The structure of the LC balun is
shown in Figure 12 [19]. In order to maximize the output voltage swing at the antenna port,
the inductor and capacitor are used in the LC balun, and they resonate at the operating
frequency. Their absolute values determine the switch operating impedance, functioning
as an impedance matching network. The loss of the LC balun is also analyzed here, and its
efficiency is represented by Equation (7), where the Q-factor of inductors is Q = wL/R, and
the impedance transformation ratio is r = Ry /Rgw = (R./ wL)? [20].

Py = IR+ I3R (5)
VZ
P, =2 6
°= R, (6)
P, 1
— ~ 7
lealun Pdiss + Po 1 + L + L\ﬁ + L + ﬁ ( )

C
Antenna
Rsw I Vo,

2 c RL

Figure 12. The schematic of an LC balun.

Based on this equation, efficiencies of the LC balun with different transformation ratio
have been plotted in Figures 13 and 14 considering practical inductor Q-factors.

0 ©
(3, B =] [3,]
L DL B |

— Q_5
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=23
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/

]
(3]

/
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Impedance Transformation Ratio (r)

Figure 13. Efficiency of an LC-type matching (differential-in and differential-out). Q represents the
quality factor of the inductor used in the network.
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Figure 14. Efficiency of an LC balun (differential-in and single-out).

3.5. Transformer Efficiency

For the output matching network of PAs, a transformer is one of the strongest can-
didates especially for the PAs with Watt-level output power. To generate high output
power, the output impedance of the PA is required to be low. Hence, the loss of the output-
matching network of the PA is usually high with the large impedance transformation ratio.

w?n?k?L2(Ry, + Ry,
Rip =R + 21< 5 )2 (8)
(Ra + RL)” + (wn?Ly)
Ry
Pri = —P;
k1= 7P )
> (@)
) X2
wn?kLq n2
Pro = ( 5 ) R T (10)
(Rz + Rl) + (wnZLl) Rln
Ry
(wnZkLl)2 n2
P = i 5 P, (1)
(Ry+Rp)” + (wnle) Rin
I A ¢
Tfmr = Py Pri+Pro+Dp
- ! (12)
— - .
2 2 wn Ll
14 i wn?Ly wlq (wn Ll) + RL( Q2 " RL)
Ry Q QiRy (wnkLy)?

Moreover, the unit PA cell has a limitation in generating high output power. Therefore,
multiple PAs are connected in parallel to generate high output power. These multiple
output powers should be combined effectively, and a transformer is a suitable solution by
virtue of its compact power combining capability. Even though LC networks are used as
the matching network as well, they are not effective, as the number of segments increases.

Figure 15a shows a 1:n transformer, and the transformer is modeled by the equivalent
T-model, as shown in Figure 15b for the efficiency analysis. From the T-model analysis, the
efficiency is influenced by various parameters, such as Q-factors of inductor windings, turn
ratio (n), and the coupling coefficient (k). Q-factors of primary and secondary winding,
Q; and Qy, are defined by inductances of windings, L; and L, and parasitic resistances
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of the windings, R; and Rj. The coupling coefficient k is related to mutual inductance M
and inductances of primary/secondary windings by equation to validate this T-model
simplification. In addition, there is one more assumption in this analysis. To analyze the
efficiency of the transformer only, tuning capacitors to optimize the matching and loss are
not included. From this model, Rin is derived to define the impedance transformation
ratio 7, Rjpaq/Rin, and total efficiency is solved by circuit analysis in the previous page. As
obtained from previous work [21], Ry,, and 1) are represented by Equations (8) and (12),
respectively. Prq, Pro, and Py, represent dissipated power due to Ry, Ry, and delivered
power to load, respectively. As shown in Figure 16a, a fixed load impedance is trans-
formed to lower Ry;, as the turn ratio increases, generating high output power. However,
Figure 16b,c show that the efficiency of the transformer is worsened by the increased turn
ratio, resulting in the high impedance transformation ratio.

R1 R2
o, WA . o MN
r L1 L2 RL
Z,,=RinXin "N
M
= ( )_ =

a
R,  (1-K)L1 (1-k)L2/n* Royn?

Ru/n?

N

zin =Rin +.iXin

(b)

Figure 15. (a) Transformer model. (b) Transformer equivalent T-model.

In sum, a high turn ratio is demanded to generate a high power, and it causes the
loss degradation. For the proposed structure, the required low Rin can be obtained with
a relatively small turn ratio by reducing the switch operating impedance. Therefore, the
efficiency of the transformer can be enhanced as the impedance decreases.

As presented in this section, we have analyzed the multi-section matching loss and
the switch insertion loss. Based on these two analyses, we present the total loss of the
transmitter and the receiver in Section 3.3. From these results, the multi-section matching
network will increase the linear power of the transmitter by improving the switch power-
handling capability while maintaining the loss, which is similar to or improved compared
with the loss of the single section matching for the transmitter. For the receiver, the loss
would be degraded slightly for the multi-section matching case, but by choosing the switch
operation impedance carefully, we can maintain the total loss at a reasonable level.

Followed by these analyses, we present the loss analysis in actual implementation,
which includes LC balun and transformer loss analysis depending on the impedance
transformation ratio and target impedance. Through these analyses, it is determined
that the loss of the single section matching with a higher transformation ratio would be
severely degraded.

Therefore, we conclude that by choosing the optimized switch operation impedance,
the multi-section matching network is a comparable or better choice than the single match-
ing network in terms of loss, giving a significant advantage on power handling capability
(higher linear pout) for the fully integrated CMOS transmitter.
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Figure 16. (a) Ry, vs. turn ratio and impedance transform ratio vs. turn ratio. (b) Transformation efficiency vs. turn ratio.
(c) Transformation efficiency vs. impedance transformation ratio.

4. Design and Implementations

A high-power T/R switch with a differential configuration using the multi-section
impedance transformation technique is designed in a standard 0.18 pm CMOS process.
The proposed circuit is shown in Figure 17, consisting of two matching networks and
a differential antenna switch. By implementing the multi-section impedance matching
network, the low output impedance of the PA is transformed to 50 ) gradually, with
two steps, optimizing the total loss of the whole signal path. Furthermore, the switch
operating impedance can be controlled to enhance the power-handling capability of the
antenna switch.

In designing the antenna switch, the typical series-shunt switch structure is chosen.
Signal flow through the series switch devices and the shunt switch helps to improve the
isolation for both modes. Multiple devices are stacked for the switches, which are OFF-state
in Tx mode, to sustain the large signal from the transmitter. In addition, those devices
are implemented by using thick-gate-oxide devices to avoid the breakdown. The body
floating technique is utilized by implementing deep n-well switch devices [4]. In order to
bias junction diodes reversely, p-well ports are biased at negative supply, and deep n-well
ports are biased at positive supply through large resistors. Lastly, gates of switch devices
are biased through large resistors as well to achieve high AC isolations. Considering the
balance between the on-resistance and the parasitic capacitance of switch devices, gate
widths have been chosen as 1.5 mm for the Tx series switch, 1.2 mm for the Rx series switch,
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600 um for the Tx shunt switch, and 200 um for the Rx shunt switch. In order to endure the
high voltage swing, four switch devices have been stacked on the Tx shunt arm, and two
switch devices have been stacked on the Rx series arm. The Tx series switch and Rx series
switch were not stacked to minimize Tx insertion loss and improve Rx isolation.
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Transformer LC Balun

Figure 17. The schematic of the proposed fully integrated differential switch and power amplifier in CMOS technology.

For the PA design details, the gate widths of both common source (CS) and common
gate (CG) devices are 4 mm for each differential pair, which consists of 64 unit cells. Each
unit cell has 8 fingers with 8 um width/finger (8 um x 8 finger x 64 cells). To minimize the
Miller effect, 2.5 pF of cross-neutralized capacitors (Cxnp and Cxnn) are utilized, while 500 Q)
of resistors and 0.5 pF of capacitors are employed for the feedback network. The optimal
load impedance was obtained from the load-pull simulation as 5.5 +j9 () at which the
individual core can deliver more than 30 dBm output power with the maximum efficiency.
From the switch operating impedance, we designed the output transformer to match the
PA optimal load impedance. By doing so, we could optimize the PA performance as well
as an integrated PA and switch module performance.

The transformer combines the outputs of two identical single-ended switches. An LC
balun is implemented at the antenna side. To obtain accurate inductances, inductor layouts
are done with the electromagnetic (EM) simulations, considering parasitic inductances of
metal lines. Bonding wire inductances to the ground are also considered. An inductor
and a capacitor in series in the LC balun are designed to be resonated at 1.9 GHz, and the
values of the shunt inductor and capacitor are carefully tuned to obtain 35 () of the switch
operating impedance from the EM simulations. Q-factors of inductors used in the LC balun
are in the range of 15-20 at 1.9 GHz.

For the other matching network, the transformer, which can be used as an output
matching network of the PA, is implemented. The efficiency of the transformer is optimized
by including capacitors at the input and output ports of the transformer in parallel. To
improve the efficiency of the transformer further, the width of primary winding is expanded
twice. In order to mitigate the proximity effect, the expanded winding is split in half, and
the secondary winding is located in the middle of it. With this layout, the resistance of the
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primary winding is reduced and the current crowding is avoided, resulting in enhancement
in passive efficiency. To obtain high Q-factors for both primary and secondary windings,
thick metal layers, copper and alumina, are stacked. The widths of windings and the gap
between them are determined from EM simulations, maximizing the transformer efficiency,
and the values are set by 30 um and 5 um, respectively. The simulated maximum available
gain of the transformer is shown in Figure 18.

0
Ak f :::m
) y
2. 7
)
c |
© I —¥— Single-ended
O 3F L J +— Differential
o |
11+
= 4l [
5 N A L a L A i i 1
1 2 3 4

Frequency (GHz)
Figure 18. Simulated transformer maximum gain for single-ended and differential cases.

It shows that the efficiency of the transformer is enhanced with the differential ar-
chitecture because the Q-factor of the inductors used in the transformer is higher when it
operates in a differential mode than in a single-ended mode. In the proposed structure, the
transformer can be operated in a differential mode because a differential antenna switch
is integrated to the output of the transformer, and the other matching network functions
as a balun.

5. Measurement Results

The proposed transmitter front-end module is fabricated in a standard 0.18 um CMOS
process, and the microphotograph is shown in Figure 19. The total size including wire-
bonding pads is 2500 pm x 1100 um. This proposed structure consists of two-pairs
of power amplifiers with a cascode structure, a high-power differential switch, a multi-
section impedance matching network with a transformer, an LC balun, and an integrated
negative voltage generator. An LC balun has been designed to provide 35 () of the switch
operating impedance.

As shown in Figure 20a, the output power is quite flat over the frequency, and it is
measured as 32.1 dBm at 1.9 GHz, which is the highest value among the works presented so
far. For the efficiency of the PA, since the second matching network is implemented with an
LC balun, the efficiency is varied across band slightly, and it is 38.3% at the target frequency.

Figure 20b shows the measured first harmonics over the frequency. The proposed
transmitter module presents the low harmonic power over the frequency, and it is another
advantage of the proposed technique. Since both the PA and the switch are implemented
differentially, the second harmonic is very low especially. The measured second and third
harmonics are not over 52 dBc across the band.

The measured comparison between the proposed design and the conventional design
is shown in Figure 21. The proposed module includes a fully differential PA and a switch
with the multi-section PA output matching, while the conventional module consists of a
single-ended switch and one PA output matching. As shown in Figure 21, the proposed
transmitter front-end module shows the better peak efficiency when it is compared to that
of the conventional counterpart, since the single-ended switch is not enough to handle the
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high power. As expected, it is measured that the peak output power and the gain at the
high-power region are degraded in a conventional case, too.
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Figure 20. Measurement results. (a) Output power and PAE vs. frequency. (b) Harmonics vs. frequency.
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Figure 21. Compared measurement results of output power and PAE over various input power.



Electronics 2021, 10, 1028 17 of 19

To validate this proposed design, the P1dB of the stand-alone differential switch and
the Rx insertion loss of switch are measured as well. The measured P1dB of the proposed
switch is well above 33.5 dBm across the measured frequency band, as shown in Figure 22a.
Its Rx loss level remains at a reasonable level, 1.6 dB at 1900 MHz, as shown in Figure 22b.
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Figure 22. Measurement results of (a) P14p of the differential switch and (b) Rx insertion loss of the switch.

6. Discussion

In this paper, a high-power and highly efficient fully integrated CMOS transmitter
front-end module is presented. The power-handling capability of the module is improved
with the differential T/R switch structure and the multi-section impedance transformation
technique. By utilizing the multi-section output impedance matching, the efficiency of the
module is enhanced with the proper Rgy. According to the analyses, 35 (2 of Rgy is chosen
for the T/R switch operating impedance for high-power and highly efficient operation.
The proposed module also includes the CMOS T/R switch controller, which includes
an oscillator, a charge pump, and two-level shifters. The module transmits 32.1 dBm of
output power to antenna, with the 38.3% of PAE. As shown in the Table 1, this work shows
the best performance among the CMOS implementations, and it is comparable to the
GaAs counterpart.

Table 1. Transmitter front-end performance summary.

Process Freq. Features Supply Volt. Pout (dBm)/PAE
. POUT: 34
[22] GaAs/pHEMT 900 MHz pHEMT switch 5V PAE: 45%
[23] BiCMOS 870 MH HEMT switch 35V Pour: 32
. i z p switc . PAE: 35%
Resonant switch Pour: 29
[24] CMOS SOI 400 MHz UHF application 33V PAE: 29%
. . POUT: 29.7
Transistor stacking )
[25] 0.18 um CMOS 2 GHz LNA design included 33V I;?OI/E
Diff. topology
. - POUT: 32.1
This work 0.18 pm CMOS 1.9 GHz Multi-sect. 33V PAE: 38.3%

Impedance matching
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