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ABSTRACT A fully integrated Ku-band transmit/receive (T/R) switch based on a two-stage equivalent
transmission line structure has been designed using a 180-nm complementary metal-oxide-semiconductor
(CMOS) process. An analysis shows a relation between the series inductance and turn-on resistance for high
isolation. A stack structure with feed-forward capacitors was chosen as a means of improving the power-
handling capability of the switch. A low insertion loss (IL) of the switch was achieved by eliminating series
transistors. The measured minimum ILs of the switch in the transmitter (TX) and receiver (RX) modes are
2.7 dB and 2.3 dB, respectively. The measured isolations in the TX and RX modes are greater than 34 and
25 dB, respectively, from 15 to 18 GHz. The design reaches a measured input 1-dB power compression point
(IP1dB) of 22 dBm at 17 GHz. The switch achieves stringent isolation, insertion loss, and power-handling
capability requirements along with the capability of full integration, demonstrating its great potential for use

in fully integrated CMOS T/R chips.

INDEX TERMS CMOS transmit/receive (T/R) switch, lumped equivalent transmission line structure,
insertion loss, isolation, power-handling capability, full integration.

I. INTRODUCTION

At present, increasing numbers of RF components are being
integrated using the standard CMOS process to satisfy
requirements of low cost and small size for wireless consumer
markets. However, RF switches are still mainly realized
using the gallium arsenide (GaAs) process [1], [2] or the
silicon-on-insulator (SOI) CMOS process [3], [4] due to the
insulation provided by GaAs substrates and the possibility
of high resistivity of SOI substrates, which are beneficial
for achieving high isolation and low insertion loss. This
mix of processes for different components prevents integra-
tion progress toward a true single-chip radio. Furthermore,
the high wafer costs of the GaAs process and the SOI CMOS
process make it difficult to meet reduced cost requirements.
Fueled by the recent explosion in wireless internet technolo-
gies, rapidly growing communication markets are driving the
development of reliable, high-performance and economical
RF systems on one chip. An RF CMOS switch has the natural
advantages of a high integration capacity and a low cost, but
its insertion loss and power-handling capability are severely

limited by the conductivity of the silicon substrate and the
low breakdown voltage of the transistor. Various switches
have been implemented using CMOS process. Due to the
limitation of the CMOS process and high IL, the operating
bandwidth of conventional series-shunt switch is limited to
low GHz application and hardly used in the millimeter-wave
regime [5]. For high frequency applications, the loss due
to shunt arm severely degrades the IL while the lack of
shunt arm results in a low isolation [6]. To overcome this
issue, the travelling-wave concept switch [7] and matching-
network switch [8] are widely used. In both switches, in order
to enhance the isolation, A/4 transmission lines are used to
instead of series transistors. However, the A/4 transmission
lines occupy larger chip area. Moreover, the travelling-wave
concept switch uses double-shunt transistors to get high isola-
tion, whereas the double-shunt transistors increase the IL; the
matching-network switch uses a shunt inductor to resonate
out the parasitic capacitance of the transistor in the off-state
to realize low IL, whereas only one shunt transistor does not
guarantee enough isolation value [9].
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FIGURE 1. Simplified small signal equivalent circuit models for MOSFETs
under: (a) on-state. (b) off-state.

In this work, a Ku-band T/R switch based on an equivalent
transmission line structure is designed using a 180 nm CMOS
process. Equivalent transmission line is created by cascad-
ing series inductor, shunt capacitor and transistor’s parasitic
capacitance to synthesize a IT network which works as a
equivalent A/4 transmission line [10]. A two-stage [T structure
is adopted to greatly improve the isolation. The double-shunt
transistors in two-stage IT structure are absorbed into the
impedance matching network to decrease IL. Stacked tran-
sistors with feed-forward capacitors are used to improve the
power-handling capacity.

This paper is organized as follows. Section II evaluates the
isolation and design of the proposed T/R switch. The results
of experimental measurements are discussed in Section III.
Finally, the paper is concluded in Section I'V.

Il. DESIGN AND ANALYSIS

Fig. 1 shows simplified small signal equivalent circuit models
of MOSFETSs under the on and off states [10]. Cgs, Cgp, Cps,
Cpp, Csp and Cgp are parasitic capacitances of the transistor.
For a transistor with a grounded source, when the gate-
source voltage Vg, is higher than the threshold voltage Vi,
the transistor is turned on and can be modeled as a small on-
resistance R,, as shown in Fig. 1(a). Otherwise, the transistor
is turned off and functions as an off-capacitance C, as shown
in Fig. 1(b) [11]. The on-resistance R,, and off-capacitance
Cofr can be expressed depend on model parameters [6], [12].

1
Ron = ey

w
nCox f(vgs — Vi)

CGS X CGD
Cop = Cps + ——= 2
of bs Cgs + Cop @
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C,x denotes the gate capacitance per unit area, W and L is the
width and length of transistor respectively.

Given this on-off nature of the transistor, the conventional
T/R switch structure using a A/4 transmission line [8] can
be replaced with the equivalent transmission line structure to
reduce the chip size [10]. Fig. 2(a) presents the developed
switch schematic based on lumped element IT networks,
in which the influence of parasitic junction capacitance is
decreased to achieve satisfactory performance [13]. The mod-
ule can be switched between the TX and RX modes with suit-
able control of the operating conditions of the transistors M
and M5. In the TX mode, as shown in Fig. 2(b), the transistor
M is turned off and modeled as an off-capacitance Cop1_1.
Therefore, the transistor M, together with L; 1 and C_1, acts
as a equivalent A/4 transmission line to allow the transmitted
signal from the Tx port to pass through it to the antenna port.
At the same time, the transistor M, operates in the opposite
condition and is regarded as a on-resistance R,;> 1. The
inductor Ly 1 and the capacitor Cp_; form a parallel resonant
tank that prevents the transmitted signal from leaking into the
Rx port. The capacitors C;_; and Cy_; can be merged into
a single shunt capacitor C for their parallel connection. The
entire circuit in the TX mode consists of a series of equivalent
IT networks connected to a parallel resonant tank. The same
approach can be used to analyze the operation in the RX
mode, as shown in Fig. 2(c).

A. ISOLATION ANALYSIS OF A ONE-STAGE

M-TYPE T/R SWITCH

The Tx port of the switch is usually connected to a power
amplifier (PA), and the Rx port is usually connected to a
low noise amplifier (LNA). In the TX mode, to protect
the LNA, the power leaking into the Rx port should be
no more than the maximum allowed input power of the
LNA; meanwhile, the transmitted signal is typically at a
high power level. For this reason, the T/R switch should
have high isolation between the Tx and Rx ports. Fig. 2(b)
and (c) show the equivalent circuits for the estimation of
the isolation in the TX mode and RX mode, respectively.
In Fig. 2(b), for easy evaluation of the isolation of the
switch, under the assumption that the IT network in the
Tx-Antenna branch functions as a A/4 T-line with a char-
acteristic impedance of Zy and the antenna port is termi-
nated with a matched impedance Zy, the three-port network
is transformed into a two-port network. Therefore, the iso-
lation of the switch in the TX mode can be calculated as
follows:

Vout_TX

1S0 = —201og ‘ 3)

in_TX

The relationship between V,, rx and Vj, rx can be
expressed by using an ABCD matrix, as shown
in (4) and (5), as shown at the bottom of the next page:

Vout_TX _ A B Vin_TX
|:10ut_TXi| - |:C D:| |: Iin_TX :I (4)
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FIGURE 2. Switch schematics based on one-stage IT networks: (a) Small-signal equivalent circuit. (b) Small-signal equivalent
circuit in the TX mode. (c) Small-signal equivalent circuit in the RX mode.

Because the inductor Ly | and the capacitor C_| form a
parallel resonant tank at the operating frequency,
1

wCs 1

wly | =~ = Zy (6)

The ABCD matrix given in (5) can be simplified to
Jjols

1+ JoLy
A B — _Rom 1 . B (7)
C D 1 Jols . Joly
—+ o tjoC —F—
Zo  ZoRomn_1 Zy
Thus, the isolation in (3) is calculated as follows:
V.
ISO = —201log | - 241X
Vin_tx
2
= —20log
A+ B/Zy+ CZy + D
. 20)L2 1 2a)L2 1
= —201g2+201g |2+/( — 4 —+wCy 12p)
Rona_1 Zy
L
~ 201g 272! ®)
R0n2_1

The isolation value depends on the ratio of the impedance
of inductor L;_; to the on-resistance R, 1 of the transistor,

namely, @*Ly 1/Ron2_1. At 16.5 GHz, when the antenna ter-
minal impedance Zj is 50 €2,

Cop1 1 =Ci1=Cp 1 =193 fF )
Li_1=1r1=483 pH (10)

For the 180 nm bulk CMOS process used in the design,
in order to realize an off-capacitance value Cy1_1 of 193 fF,
the total gate width of M| is chosen to be 192 pum, with a gate
length of 180 nm. Due to the symmetry of the switch in the
TX and RX modes, as shown in Fig. 2(b) and (c), the total
gate width of M5 is also 190 um, corresponding to an R,,2_i
of 4 Q. Therefore, the isolation result as expressed in (8) is
usually approximately 20~24 dB at 16.5 GHz, which is not
sufficiently high to protect the LNA. In general, the isolation
of a T/R switch in the TX mode is required to be greater than
30 dB [9], [14], [15].

B. ISOLATION ANALYSIS OF A TWO-STAGE

M-TYPE T/R SWITCH

To increase the isolation between the Tx and Rx ports in the
TX mode, a design for a two-stage I1-type T/R switch is pro-
posed, as shown in Fig. 3(a). Because of the use of two-stage

A Bl [ 1 0 1 011 JjoL 1 0
C D| _I/Z() 1]]joCy1 1 0 1 1/Ron2_1 1
ol ol
| L JoLa i
. R0n2_l ) (5)
] 1 Joly 1 . 1 —w'ly 1Co g ’ Jola i
—+ —— 4 joC  + ————— 1 —wl 1Cy 1+ =
L Zo  ZoRon2_1 - Ron2_1 - Zy
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FIGURE 3. Switch schematics based on two-stage IT networks: (a) Small-signal equivalent circuit. (b) Small-signal equivalent circuit in the TX mode.

(c) Small-signal equivalent circuit in the RX mode.

IT networks while the inductor L3 5 and the capacitor C; »
form a parallel resonant tank at the operating frequency,
the following expressions hold:

R0n4_2 = 2Ron3_2 (1 1)
L3 o~ L4 (12)
w? L3 2Cy 2 = 1 (13)

The ABCD matrix for Fig. 3(b) as expressed in (14), as
shown at the bottom of this page, is still used to calculate
the isolation. Thus, the isolation for Fig. 3(b) is calculated as
follows:

v,
ISO = —201og ‘ﬂ

in_TX

= —20log

2
A-I-B/Z()-G-CZ()-I-D‘
4a)2L32 3
ond_2
wlsz 2

ond_2

201g2 4+ 401g

15)

The IT networks in Fig. 2(b) and Fig. 3(b) have the same
characteristic impedance Z; therefore,

{ Ly 1 =1L3
Ron2_1 = Run4_2

(16)
a7)

As seen from a comparison of (8) and (15), the two-stage
IT-type T/R switch has a better isolation value, which is
20Ig(w*La/Ron2) larger than that of its one-stage Il-type
counterpart. The IL and isolation between two configura-
tions using 180 nm triple-well CMOS technology have been
simulated with the Agilent’s simulation software advanced
design system (ADS). As shown in Fig. 4, between 14 and
25 GHz, although the IL of two-stage I1-type configuration
is 0.8 dB larger than one-stage configuration, the two-stage
configuration has an isolation value that is 20~25 dB higher
than that of its one-stage counterpart which is in agreement
with the theoretical calculations. Switches have a trade-off
between insertion loss and isolation. The two-stage configu-
ration has high isolation at the cost of an insertion loss higher
than that of the one-stage configuration. Between the desired

A B]l [ 1 0 1 011 joLs, 1 01[1 joLso 1 0
C D| L 1/Zy 1 |]|jowCra 1 0 1/Ronz 2 1 0 1 1/Ropa 2 1
4iwl, 2032 2032
1+ Jwb3 2 - 3.2 dJwls > — 32
_ Rons_2 R4 0 Rons_2 (14)

4jols 2/Zp 1 : 20°L3 /2y djwls ,  20°L5 ,

— - +jwC 2 — —5=—— ~—1+ = — =

| Rona2 Zo  Rops2 Ry o Zy ZoRon4_2
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FIGURE 4. Simulated isolation and IL results for the two-stage I1-type
and one-stage II-type configurations.

frequency 15-17 GHz, in order to achieve larger than 30 dB
isolation value, the two-stage I1-type configuration is chosen
with an acceptable IL around 2.5 dB [16].

C. IMPROVEMENT OF THE POWER-HANDLING
CAPABILITY

The power-handling capability is the main bottleneck for
a T/R switch fabricated using the standard CMOS pro-
cess. In the TX mode, the switch needs to be able to
handle a high transmitted power. Therefore, the stacked
transistors technique is used to prevent undesirable chan-
nel formation and to enable the switch to withstand higher
voltage swings by dividing the large voltage swing at the
antenna port between two transistors, which is beneficial
for achieving a low breakdown voltage in standard CMOS
devices [17].

The linearity of the switch is decided by two kinds of
voltage level limitations. One is the threshold voltage and the
other is the breakdown voltage [18]. The V; of each stacked
transistors should be smaller than the breakdown voltage for
reliable operation. But due to the gate coupling effect and the
substrate coupling effect, the voltage cannot be evenly dis-
tributed on each transistor. Under normal conditions, the tran-
sistor nearer to the input source is subjected to a larger voltage
swing than the other one. As shown in Fig. 5(a), the peak-
to-peak voltage swing across M is around 3.6 V which is
1.2 V higher than that across M1,. This uneven distribution
increases the risk of damage to the transistor nearer to the
input source due to exceeding the highest breakdown voltage.
As aresult, the linearity and power-handling capability of the
switch degrades. To realize an even voltage distribution, feed-
forward capacitors (FFCs) Cr; and Cy», as shown in Fig. 3,
are used to increase the conductance across the gate and drain
of the first transistors, M| and M>; [19], [20]. Fig. 5 shows a
comparison of the simulated results with and without FFCs.
With the help of FFCs of 288 fF, the voltage drop difference
between transistors M ; and M>; is reduced from 1.2 V to
0.4V at 16 GHz, indicating that an even voltage distribution is
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FIGURE 5. Simulation comparison between voltage drops on each
stacked transistors: (a) without FFC and (b) with FFC.

realized. This modification of the voltage distribution enables
the stack to endure a larger voltage drop before the break-
down of the first transistor. Meanwhile, due to the elimi-
nation of series transistors in the entire circuit, an effective
trade-off between a high power-handling capability in the
TX mode and a low insertion loss in the RX mode can be
achieved.

Ill. EXPERIMENTAL RESULTS

The proposed T/R switch based on the two-stage I1-type
configuration was implemented using standard 180 nm
triple-well CMOS technology. The buried deep N-well in
triple-well process separates the body of nMOS from the
substrate [21]. Therefore, the substrate coupling effect can
be reduced. At the same time, the added deep N-well layer
creates two pn-junction diodes to prevent a breakdown in iso-
lation between the p-well, deep n-well and p-substrate [22].
For compact chip size and high isolation, the off-state capac-
itance value used to constitute equivalent A/4 transmission
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FIGURE 7. Photograph of the T/TR switch chip test bench.

lines should be decided firstly. The off-state capacitance
value of 193 fF is chosen that equal to 50 €2 at 16 GHz.
Then, the balance between the power-handling capability
and IL should be made. The T/R switch needs to undergo
high output power in the TX mode and achieve low IL in
the RX mode, respectively. The stacked structure increases
the power-handling capability with inevitable drawback of
IL increasing. So the stacked structure is only employed in
the TX channel. Finally, a trade-off is needed to consider
between linearity and isolation. In order to improve the lin-
earity, the FFCs are used. But large FFCs increase the total
conductance of the stack that degrades the isolation [19].
Therefore, the FFCs of 288 fF are chosen to make a balance
between the linearity and isolation. Table 1 lists the transistor
dimensions and passive element values of the proposed T/R
switch.

The fabricated CMOS T/R switch, as shown in Fig. 6,
had a die area of 625 um * 725 um, including three sets
of ground-signal-ground (GSG) pads and one set of pass-
ground-pass (PGP) pads. Measurements were conducted on
the chip using a vector network analyzer and a Cascade probe

VOLUME 5, 2017
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FIGURE 8. Measured versus simulated return loss results in (a) TX mode
and (b) RX mode.

TABLE 1. Circuit element values of the proposed T/R switch.

Circuit Element Element Value

M1, Mg 384 wm / 180 nm
Ma1, Mag 768 wm / 180 nm
M3 384 pum / 180 nm
My 192 pm / 180 nm
Ly 2, La_2, L3 2, Ls_2 475 nH
Cr1. Cy2 288 fF
c 370 fF
Ve r 2 1.8 V (on), 0 V (off)
Ve r2 1.8 V (on), 0 V (off)

station, as shown in Fig. 7. Limited by the test conditions,
the parameters of the switch in different modes were obtained
only by applying a pair of RF probes to two ports, with
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FIGURE 9. Measured versus simulated insertion loss results in the TX
mode and the RX mode.

one idle open port, which should have been set to 50 €.
Therefore, the measured results will differ from those in the
case of a 50 Q load termination, especially the isolation
results. However, from a comparison of the measured and
simulated results, the performance of the T/R switch can
be deduced. Such comparisons were performed between the
measured results, simulated two-port results with an idle open
port and simulated three-port results with the remaining port
terminated at 50 .

The return losses in both modes, as shown in Fig. 8, are bet-
ter than 10 dB at 15-22 GHz. When simulated IL, no matter
the third port is opened or connected to 50 €2, it is shorted
by adjacent small on-resistance Ryp4 2 Or Ryn1 2 as shown
in Fig. 3(b) and (c) that is only 4 Q2. Therefore, the two-ports
and three-ports simulated IL results are the same. As shown
in Fig. 9, from 15 to 18 GHz, the measured RX-mode IL
(between the Ant and Rx ports) is approximately 2.3 dB, and
the TX-mode IL (between the Ant and Tx ports) is 2.7 dB,
consistent with the simulation. The measured isolations in
the RX and TX modes are plotted in Fig. 10, from which
isolations of 25 dB in the RX mode and 34 dB in the TX mode
are observed. The measured isolations in both modes are
close to those simulated under the two-port condition because
of the identical load conditions but show a discrepancy from
the simulated three-port condition. The potential cause of
this discrepancy is that the transmitted or received power
that should have mainly gone into the port with the 50 Q
load is instead reflected back because of the idle open port
and leaks into the isolation port. Therefore, the measured
isolation of the switch is 6 dB worse than that simulated under
the three-port condition. In practical application, all of the
switch ports will be matched to bring the isolation results
closer to those simulated under the three-port condition. The
measured P,,; values in the TX mode are plotted versus P;,
in Fig. 11, from which an IP4p of 22 dBm at 17 GHz can be
extracted.

22710

)
Z
c
L
=
s
o
2
-45 Measured (two ports) Tx mode
= = Simulated (two ports)
""" Simulated (three ports)
S L N N .
12 13 14 15 16 17 18 19 20 21 22
Frequency (GHz)

FIGURE 10. Measured versus simulated isolation results in the TX mode
and the RX mode.

30
251
20 o~
151
101
5 4

Pout (dBm)
n

IP1gg=22 dBm@17 GHz

\ 4
10 15 20 25 30

-35 T T T T T T T T
-35 -30 -25 -20 -15 -10 -5 0 5
Pin (dBm)

FIGURE 11. Measured IP; g results at 17 GHz.

The performance of the proposed T/R switch is summa-
rized in Table 1 together with the performance characteri-
zations of other reported CMOS switches. Compared with
the others, the T/R switch designed here demonstrates an
acceptable insertion loss, high isolation and good power-
handling capability. It is recognized that the IL performance
of this work is a little higher for high efficiency RF transceiver
applications. In order to realize full integrated transceiver and
achieve low-cost, some sacrifices in circuit performance may
be inevitable [27]. This is the price to pay for minimum size
and cost using CMOS process, particularly using low-cost
180 nm process with ft/fmax of 53 GHz /56 GHz [28]. When
the advanced process such as 0.13-um, 90 nm, and 65 nm
CMOS process used to realize this high isolation switch,
as the channel length of CMOS transistor becomes smaller,
the on-resistance R,, decreases and results in lower IL [8].
Because of ease integration, the high-isolation T/R switch
designed here has been integrated in the Ku band 4-element
phased array transceiver [29].
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TABLE 2. Comparison of the proposed Ku-band cmos T/R switch with other reported works.

Freq IL I1SO ISO-IL IP1aB Return Loss Chip Size
Ref Process Topology
(GHz) (dB) (dB) (dB) (dBm) (dB) (mm?)
. >4.5 (RX) >16 (RX) >11.5 (RX)
[23] 0.18-pm BiCMOS 17.2-27.3 15.4@24 GHz <8 1.15 LC networks
>6.7 (TX) >18.2 (TX) >11.5 (TX)
[24] 45-nm SOI CMOS 14-18 0.6-0.78 15-18 14.4-17.2 31.5@14 GHz <-15 0.009" Stacked transistors
. 3.5 (RX) 16 (RX) 12.5 (RX) N .
[25] 90-nm triple-well CMOS 24 28.7@24 GHz <7 0.0176 Floating well
3.4 (TX) 22 (TX) 19.6 (TX)
[26] 0.13-pm CMOS 15 1.8 (TX) 17.8 16 21.5@15 GHz <-7 0.25 Impedance transformer
. . >2.3 (RX) >25 (RX) >22.7 (RX) <-10 (RX)
This work 0.18-pum triple-well CMOS 15-18 22@17 GHz 0.45 2-stage II-type networks
>2.7 (TX) >34 (TX) >31.3 (TX) <-10 (TX)
* Core area size without testing pads.
IV. CONCLUSION [15] K. Yamamoto et al., “A 2.4-GHz-band 1.8-V operation single-chip Si-

The Ku-band T/R switch topology has been presented and
analysed. The switch based on equivalent transmission line
structure absorbs parasitic capacitors into the impedance
matching structure. Since the developed switch achieves high
isolation and good power-handling capability, it can be easily
customized to integrate with other components using the
standard CMOS process to realize a T/R module on one chip.
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