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Millimeter-Wave MMIC Single-Pole-Double-Throw
Passive HEMT Switches Using
|mpedance-Transformation
Networks

Kun-You Lin, Sudent Member, |EEE, Yu-Jiu Wang, Dow-Chih Niu, and Huei Wang, Senior Member, IEEE

Abstract—T his paper proposes a new design method for passive
FET switchesin the millimeter-wave (MMW) regime. In contrast
to the conventional resonant-type switch design method, this
passive FET switch circuit utilizes impedance transformation to
compensate the drain—source capacitance effect for the off state
at high frequencies. By means of this new design concept, a Q-
and V'-band monolithic-microwave integrated-circuit single-pole
double-throw (SPDT) switches using a GaAs pseudomorphic
high electron-mobility-transistor process are demonstrated. The
Q-band SPDT switch has a measured isolation better than 30 dB
for the off state and 2-dB insertion loss for the on state from 38 to
45 GHz, while the V'-band switch also shows a measured isolation
better than 30 dB for the off state and 4-dB insertion loss for the
on state from 53 to 61 GHz. The obtained isolation performance
using this design approach outmatches previously published FET
switchesin the MMW frequency range.

Index Terms—High electron-mobility transistor (HEMT),
millimeter wave (MM W), monalithic microwave integrated circuit
(MMIC), switch.

I. INTRODUCTION

WITCHES ARE important components in microwave

d millimeter-wave (MMW) systems. Monolithic p-i-n

diode switches have demonstrated good performance even up
to MMW frequency [1]. However, since the p-i-n diode process
is not compatible with the high electron-mobility transistor
(HEMT) monolithic-microwave integrated-circuit (MMIC)
process, passive HEMT (or FET) switches are still very popular
[2]-{12]. The reason is that they can be integrated with the
other major building blocks in a MMW transmit/receive (T/R)
module, which are mostly fabricated using the HEMT MMIC
process. For frequencies of 20 GHz or lower, series and/or
shunt configurations of a passive FET can readily serve as very
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good switches with excellent isolation and insertion-loss results
demonstrated in[2] and [3]. However, at higher frequencies, the
parasitic capacitance (mainly the drain-to-source capacitance
Cls) will degrade the isolation performance significantly. Most
MMW monolithic passive HEM T switchesreported to datewere
parallel resonant-type FET switches [6], [7], with the isolation
performance lower than 30 dB. A series resonant-type V -band
SPDT passive HEMT switch demonstrated 3.9-dB insertion loss
and 41-dB isolation at 59 GHz with achip size of 3.3 x 1.7 mm?
[8]. High-isolation @-band HEMT switches reported in [9] uti-
lized two-stage un-terminated quarter-wavel ength shunt design
to achieve up to 50-dB isolation. However, a huge chip areais
requiredinsuch adesign. Theswitching functionat MMW range
can also be achieved via a phase-cancellation technique using
Lange couplers and demonstrated good isolation performance
for anarrow bandwidth (28 dB at the K a-band and 38 dB at the
W-band) [10]. Since several 90° 3-dB hybrids were involved,
the arearequirement could still be a design drawback. Recently,
compact dc—60-GHz heterojunction FET (HJFET) MMIC
switches were reported with reasonable isolation performance
[11], [12], but they required special process/layout for the
ohmic electrode-sharing technology in the HEMT devices.

In this paper, a new HEMT switch design method using the
impedance-transformation concept is proposed in contrast to the
conventional resonant-type design for the MMW frequency. Q-
and V-band single-pole double-throw (SPDT) MMIC switches
using a standard 0.15-sm GaAs pseudomorphic high electron-
mobility transistor (pHEMT) foundry process are designed, fab-
ricated, and tested to verify this design concept. The @-band
switch demonstrated a measured on-state insertion loss of less
than 2 dB with an off-state isolation of better than 30 dB from
38 to 45 GHz. The V-band switch demonstrated a measured
on-state insertion loss of less than 4 dB with an off-state iso-
lation of better than 30 dB from 53 to 61 GHz. The measured
isolation results outmatch the reported - and V-band MMIC
passive FET switches [4]-{6], [11]{13] with dlightly higher
on-state insertion losses.

II. MMIC PrOCESS AND DEVICE MODELING

The HEMT device used in this design is the TRW standard
0.15-;:m high-linearity InGaAs/AlGaAs/GaAspHEMT MMIC
process. TheHEMT device hasatypical unit current gain cutoff
frequency ( fr) of 70 GHz and maximum oscillation frequency

0018-9480/03$17.00 © 2003 IEEE
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Fig. 1.
(c) and (d) off-state (Vye = —3 V) passive HEMT.

( fmax) Of 110 GHz, with a peak dc transconductance (G,,,) of
580 mS/mm. The gate—drain breakdown voltageis 8 V, and the
drain current at peak G, (Laepk) @ 5-V drain-source voltage is
280 mA/mm. Other passive componentsincludethin-film resis-
tors, metal—insulator—-metal (MIM) capacitors, spiral inductors,
and air bridges. Thewafer isthinned to 4 mil for thegold plating
of the backside and reactive ion etching via-holes are used for
dc grounding.

The passive HEMT device model is developed by curve fit-
ting the equivalent circuit to measured small-signal S-param-
eters of a common-source configuration to 48 GHz. Fig. 1(a)
shows the small-signal equivalent-circuit models and the model
parameters of the on state (Vs = +0.3 V) and off state (Vs =
—3 V) of afour-finger 200-m HEMT device. The modeled
and measured on- and off-state small-signal S-parameters are
shown in Fig. 1(b)—(d), respectively. The equivalent on-state se-
riesresistance of thispassive HEMT is2.1 2, whilethe off-state
series capacitance is 27 fF.
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(a) Small-signal equivalent circuit of the passive pHEMT model. The measured and simulated .S-parameters of the: (b) on-state (Vs = +0.3 V) and

I11. DESIGN PRINCIPLE OF SWITCHES USING
IMPEDANCE-TRANSFORMATION NETWORK

To design the impedance-transformation network for the pas-
sive HEMT switch, the input impedance of both on and off
states need to be considered simultaneously. Let us use a de-
sign at 40 GHz with a 200-;:m passive HEMT as an example.
The matching network shown in Fig. 2 is composed with a se-
ries high impedance line, followed by an open stub and an-
other seriesline. Theinput impedance valueslooking into points
A-D for both on and off states (referred to schematic diagram
of Fig. 2) were indicated on the Smith chart, shown in Fig. 3.
As observed on the Smith chart, the input impedance val ues of
both the on and off states for a nonresonant shunt FET (point
A’s) can be successfully transferred to a near by short circuit
(small resistor) and a near by open circuit (point D’s), respec-
tively, through the same impedance-transformation network by
carefully selecting the length of each high-impedance line.
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Fig. 2. Schematic of an FET in series with the impedance-transformation
network.

40GHz

Fig. 3. Input impedances looking into points A—D of the passive switch with
the impedance-transformation network in Fig. 2 on the Smith chart for both on
and off states at 40 GHz.

V. CoMPARISON WITH RESONANT-TYPE SWITCHES

A passive FET switch can be realized by either ashunt or se-
ries configuration. Several passive HEMT SPDT shunt config-
urations were reported [6]{9]. They were either directly shunt
to ground [6], [7] or shunt with a quarter-wavelength line [9].
In order to compare the conventional resonant method and our
proposed method in designing MMW switches using the shunt
configuration, a four-finger 200-;;m passive HEMT is studied
in each case at 40 GHz. Fig. 4(a) shows the schematic dia-
gram of aresonant-type SPST switch with ashunt configuration,
and a high-impedance line is used to resonant out the off-state
capacitor. The on- and off-state impedances of the shunt res-
onated HEMT are shown in Fig. 4(b). The off-state impedance
of the resonant HEMT is very high (1310 €2), but the on-state
impedanceisnot toolow (3.33+5.47 2) duetotheparasiticin-
ductance of the HEMT. The resonant-type shunt SPST switches
have very good insertion-loss performance (0.163 dB) but its
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Fig. 4. () Schematic diagram of a resonant SPST switch using a shunt
resonated HEMT. (b) On- and off-state impedances of a resonated HEMT
shown in a Smith chart.
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(a) Schematic diagram of an SPST switch using a shunt resonated
HEMT series with a quarter-wavelength 50-€2 transmission line. (b) On- and
off-state impedances of a resonated HEMT series with a quarter-wavelength
50-€} transmission line shown in a Smith chart.

Fig. 5.
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Fig. 6. On- and off-state impedances of (a) a shunt resonated HEMT and
(b) resonated HEMT series with a quarter-wavelength 50-€2 transmission line
including the via-hole effect on a Smith chart.

isolation is poor (13.08 dB). In order to improve the isolation
of resonant-type shunt switches, we can add a quarter-wave-
length 50-€2 transmission line to the shunt resonated HEMT
(shown in Fig. 5). The off-state impedance is transformed to a
low impedance (2.28 (), and the on-state impedance is trans-
formed to a high impedance (206 — ;332 ). The isolation is
improved to 21.55 dB, and the insertion loss degrades slightly
to 0.3 dB.

In the MMW fregquency range, the via-hole effect needs to
be considered in the circuit design since the equivalent induc-
tance is significant enough to affect the circuit performance.
Fig. 6 shows the impedances of a shunt resonated HEMT and a
shunt resonated HEMT series with a quarter-wavelength 50-€2
line including the via-hole effect (~15 pH, two via-holes in
parallel). The isolation of a resonant-type shunt SPST switch
from 13.08 dB becomes 9.46 dB when the via-hole is consid-
ered. By using the resonant approach, the via-hole effect makes
the on-state impedance of a resonant HEMT increase with fre-
quency and, thus, degrades the isolation performance of the
switch.

On the other hand, Fig. 7 shows the on- and off-state
impedances of a four-finger 200-:m passive HEMT using an
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Fig. 7. On- and off-state impedances of afour-finger 200-:m passive HEMT
using an impedance-transformation network: (a) without and (b) with the
via-hole effect.

impedance-transformation network without/with the via-hole
effect. It can be observed that the performances of the SPST
switches using an impedance-transformation network are not
affected by the via-hole. The impedances and SPST switch
performances of different approaches are summarized in
Table |I. The SPST switch using the resonant technique has
poor isolation, but very good insertion loss.

V. SPDT SWITCHES USING
IMPEDANCE-TRANSFORMATION NETWORK

In our design, the inductor to resonate the passive HEMT is
replaced by the impedance-transformation network seriesto the
HEMT device, and then the HEMT with the transformation net-
work is shunt to ground to serve the switching function. The
schematic diagram of the design is presented in Fig. 2.

The device size selection of a passive FET switch design
affects both the insertion loss and isolation performance. Usu-
ally, for a series passive FET with a small periphery, the series
on-state resistance is high, while the off-state drain-to-source
capacitance (Cys) is low, thus, it exhibits a tradeoff for a
good isolation, high insertion loss, and low power-handling
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TABLE |

IMPEDANCES AND SPST SwITCH RESULTS OF DIFFERENT TECHNIQUES

On-state impedance (€2) | Off-state impedance (Q) | Insertion Loss (dB) | Isolation (dB)
41578 1.65 - j 60.534
HEMT . . 0.766 12.48
(M=0.8537.£166.7°) | (I'=0.9736 £-79.09°) "

3.33+j5.47 1310

R ted HEMT ] ) 0.163 13.08
esonate (10.8767 £167.47%) ~0.92672.0°) ? i
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Fig. 8. Simplified modelsfor: (a) on- and (b) off-state passive HEMTs.

capability. On the other hand, a large device conducts the
opposite behavior, i.e., low insertion loss and poor isolation. In
our design, since an impedance transformation is involved, this
analysis is accompanied with the impedance-transformation
network. In order to simply the analysis, the simplified model
shown in Fig. 8 is used instead of the complete model shown
in Fig. 1(a). The on-state model is represented as an inductor
series with aresistor, and the off-state model is represented as
an inductor series with a resistor and capacitor. Fig. 9 shows
the simulated S-parameters from 1 to 50 GHz of the ssimplified
models and the complete model S-parameters of a 120- and
200-m HEMT. The agreement indicates the validity to use the
simplified models. The model parameters related to the device
gatewidth W (;:m) are shown as follows:

L =0.115 x 10712 x W,(H)
800
Rop =— (22
7 (@

Cot =0.3 x 107 x W, (F)

330
Roﬂ :W (Q)

g

@

Inthe device size selection, the effect of thethird transmission
line can be neglected (Fig. 10) sinceit is found not to be very

crucial. The on- and off-state input impedances looking into the
transistor are
Zon :Ron + onn
800
Ron =—(Q
w, @
Xon =w x 0.115 x x1072 x W,
Zoff :Roff +jX0ff

330
Ry = (Q
i WQU
1
Xog =w x 0.115 x 1072 x W, — _ )
= DAl X e T X083 10755 x W,

)

After aseriestransmission line with characteristic impedance
Z; and électriclength 6+, theinput on- and off-state impedances
are

ROH + j(XOn + Z01 tan 91)

Zivon =7
il,on (0)3 Z01 — X()n tan 91 +jR0n tan 91

and

Ropr + 7(Xomr + Zog tan ;)
Zo1 — Xog tan 61 + jRog tan by

©)

Zi1 ot =201

Theimaginary part of Z; .¢ is zero, then we have

tan 6
2
(X2 Ry 72,) ) (X2t B2y — 73, +4 73, X2,
2Z01 Xom '

(4)

Finally after the shunt open stub (Zs,6.), the input
impedance is

_jZil,onZOQ

Zi2,0n =

. 5
Zit,ontanty — jZo2 ®)
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Fig. 9. On- and off-state S-parameters of a (a) 120- and (b) 200-x:m passive
HEMT for the simplified and complete models.

Fig. 10. Schematic of a passve HEMT with impedance-transformation
network.

Since the impedance of the open stub is very high compared
With Z;1 o, Zio,onr 1S €qud t0 Z;; os. We let the imaginary of
Zi2,on be zero. We then get

tan 92 = —ZOQIIH{Y;‘LOH}. (6)

For the givenimpedances of thetransmissionlines, Z;» o, and
Z;2 i Can be solved. Fig. 11 showsthe on- and off-state imped-
ancesof apassiveHEM T with animpedance-transformation net-
work versus device gate periphery (W, ) at 40 GHz. Theimped-
ances of the series and shunt transmission lines are 90 and 60 €2,
respectively. Thebest on-stateimpedance and the worst off-state
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Fig. 11. (a) On- and (b) off-state impedances of shunt passive HEM Tswith an
impedance-transformation network versus device gate periphery at 40 GHz.
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impedance occur at approximately a 160-,;m gate periphery. We
selected the device of a200-pym HEMT for our design.

Inorder to avoidtheuncertai nty of the passive-element models
in the MMW frequency and the coupling effects between ele-
ments, the entire matching structures have been analyzed using
full-wave electromagnetic (EM) simulation [14] in thefinal cir-
cuit simulation. Thecomplete SPDT switch circuit schematic di-
agram for both the Q- and V' -band designs are shown in Fig. 12.
In each path, two cascaded shunt passive HEM T deviceswiththe
impedance-transformation networks were used to enhance the
isolation. The chip photographs are shown in Fig. 13(a) and (b),
with a common chip size of 2 mm x 1 mm.

V1. MEASUREMENT RESULTS

Both the @- and V-band SPDT MMIC switches were
measured via on-wafer probing. The on- and off-state two-port
small-signal S-parameters of each path were obtained by
terminating the output port of the other path. The control
voltage for each path is +0.5 V for the on state and —3 V
for the off state. For the -band design, the on-state insertion
loss and off-state isolation from 30 to 50 GHz are plotted in
Fig. 14(a) with insertion loss less than 2 dB and isolation better
than 30 dB from 38 to 45 GHz. The best isolation is 43 dB
around 41 GHz. Fig. 14(b) shows the V-band SPDT results
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Fig.12. Complete schematic diagram of the SPDT switch using shunt passive
HEMTs with an impedance-transformation network.

o0 Te8LMS

(b)

Fig. 13. Chip photographs of the: (a) @- and (b) V' -band MMIC SPDT
switches with a common chip size of 2 mm x 1 mm.

from 50 to 70 GHz. The insertion loss is from 3.5 to 4 dB and
the isolation is better than 30 dB from 53 to 61 GHz. The best
isolation is 35 dB at approximately 58 GHz.

The output power (P,,t) versus input power (F,,) measure-
ment were also exercised at 40 and 44 GHz for the @-band
MMIC chip. Owing to the power limitation of input source, we
could only measure up to 17-dBm input power for 44 GHz and
19 dBm for 40 GHz. The F,,,; versus P, curves were plotted
in Fig. 15. As indicated from the measured data, only 0.2-dB
compression was observed at 40 GHz for P,,,; of 19 dBm. The
third-order intercept point (IP3) test was a so attempted. How-
ever, also due to a lack of a sufficient high power source and
the limited dynamic range of the spectrum analyzer, we could
not obtain accurate |P3 measurement results. A rough estimated
output IP3 of the Q-band MMIC SPDT switch from the P,
versus P, datashould be much higher than 30 dBm. The output
power compression performance (0.2 dB at 40 GHz for P, of
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Fig. 15. Measured output power versus input power of the -band switch at
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19 dBm) is better than that reported in [11] (1-dB at 40 GHz for
F,y of 20 dBm). Further considering for the device periphery,
the compression performance of our design is still at least com-
parableto that in [11]. It is noted that the gate periphery of the
HEMT devicein oursis 200 um, while that in[11] is 100 zm.
To verify our design and simulation methodology in the
MMIC design, the simulated small-signal performance for the
Q- and V-band switches were compared with the measured
results. Fig. 16(a) shows the output return loss and isolation of
the off state, while Fig. 16(b) and (c) presents the output return
loss and insertion loss of the on state and input return losses
from 30 to 50 GHz. Fig. 17(a) shows the output return loss
and isolation of the off state, while Fig. 17(b) and (c) presents
the output return loss and insertion loss of the on state and
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Fig. 16. Simulated and measured results of: (a) output return loss and isolation of the off state, (b) output return loss and insertion loss of the on state, and (c) input

return loss from 30 to 50 GHz for the @-band switch.
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SUMMARY OF THE PERFORMANCE AND FEATURES FOR PREVIOUSLY REPJRA'\I'EI[;E’AISISIVE HEMT MMIC SWITCHES AND THIS STUDY FROM K a- TO W -BAND
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?}f:ylf}fg:)tél]' MESFET Shunt 2 15-30 2-3 >20 | 2x22
(I{Lf:hi)al{ 6 | MESFET Shunt 2 56-64 <32 >23 | 0.8x2
M?ﬁggﬁjal' HIFET | Series resonant, Shunt 2 57-61 | 3.9(Min) |41 (Max)| 3.3x1.7
e | | e [ e | cue [ | s
Series-shunt; QOhmic DC-40
Vel e | et | D | | v o0
process/layout required) (SPST)
ot ?11'0(]TRW) HE\ZT Phgzi Cf:fg?iﬂﬁ;ﬁfsmg - 33-38 - 1828 | 1824
R e el e e
(Mt::it?qit;l[l 3| GaASFET Series-shunt 2 28 3.1 28.9 |1.64x1.34
thiswort | 100 | panetomatonnemene | 2| 2% | <2 | 230 |
R e e I I I B
* Area of switch portion estimated from the entire MMIC chip (LNA + switch) [10].
input return losses from 50 to 70 GHz. The simulated results ACKNOWLEDGMENT

reasonably agree with the measured performance.

Table Il summarizes the previously reported performance
and features of passive FET MMIC switches from the K a- to
W -band. Theisolation of the Q-band switches [9] achieved the
best isolation at the cost of large chip area. Our -band switch
shows better isolation than all the other reported results at
similar frequencies [4], [5]. For V-band switches, the isolation
performance in this study outmatches the other designs at
similar frequencies[6], [11] with acomparable chip size of [6],
and adlightly higher on-state insertion loss. Compareto [8], our
design has better insertion loss, bandwidth, smaller chip size,
and a dlightly lower isolation. It is observed that the isolation
results of the passive FET switches using impedance-transfor-
mation networks are better than those of other types of reported
MMIC FET switches [4]{6], [11]{13].

VII. SUMMARY

We have demonstrated a new methodology for passive FET
switch design using impedance transformationin the MMW fre-
guency range. Q- and V-band SPDT MMIC switches using the
GaAs pHEMT MMIC process were designed and fabricated
to verify this design concept. The -band switch has a mea-
sured isolation better than 30 dB from 38 to 45 GHz, while
the V-band switch also shows a measured isolation better than
30dB from 53 to 61 GHz, which outmatch previously published
FET switches in the MMW frequency range.

The MMIC foundry service was provided by TRW Inc., Re-
dondo Beach, CA, through the Chip Implement Center (CIC),
Taiwan, R.O.C. Theauthorswould liketo thank Dr. Y.-Z. Juang,
CIC, and C.-C. Liu, Airwave Technology, Hsin-Chu, Taiwan,
R.O.C., for their MMIC foundry coordination effort.
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