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DC-110-GHz MMIC Traveling-Wave Switch

Hiroshi Mizutanj Member, IEEEand Yoichiro Takayamaviember, IEEE

Abstract—This paper presents the broadest band mono- la I ol
lithic-microwave integrated-circuit traveling-wave switch ever o
reported for millimeter-wave applications. The developed switch  p, ¢ o_,{ Drain ‘o Port2

with the novel structure of a 400um-gate finger field-effect :
transistor (FET) indicated an insertion loss of less than 2.55 dB | ’%

and an isolation of better than 22.2 dB from dc to 110 GHz. R Bl i T : Vg

Also, the switch indicated no degradation of an insertion loss and _— _— _— —_—

an ON/OFF ratio of more than 22.7 dB up to an input power of

26.5 dBm at 40 GHz. Circuit analytical results based on a lossy Fig. 1. Schematic view of the TWSW (source electrode is grounded by four
transmission-line model for small-signal performance and circuit via-holes).

simulation results using the two-terminal nonlinear FET model

for large-signal operation successfully showed good agreement, it (MMIC) switch showed high performance with insertion
with the experimental results. loss of less than 1.64 dB and isolation of better than 20.6 dB
Index Terms—Distributed FET, millimeter-wave, MMIC switch,  from dc to 60 GHz. From the viewpoint of the broad-band char-

modeling, nonlinear circuit, traveling wave. acteristics, the so-called distributed switch circuits have been re-
ported, which are treated as an artificial transmission line, which
|. INTRODUCTION consists of the finite combination of a unit series inductor and

L _ _a unit shunt discrete FET used as a pinched-off-state capacitor
ORcommumcatmn and r_adar sysiems, transmitter/recel Bf. The broad-band MMIC switch having a novel distributed
| (T/R) switches play an important role to control the RiegT gy cture, which provides excellent performance from dc
signal flow. In these applications, a broad-band switch with hqu 60 GHz, was reported [9]. The small-signal characteristics

power-handling capability and high switching speed is strongl s switch were expressed by the lossless transmission-line

required for low-cost system realization. model for theoN state and the lossy transmission line model for
Recently, several FET switch circuits have been reported e OFF state

the millimeter-wave applications [1]-[6]. Especially beyond 60 |, ;g paper, the state-of-the-art broad-band characteristics of

GHz, four types of FET switch circuit configuration providing a,,o mmIC traveling-wave switch (TWSW) will be newly evalu-
high isolation of over 20 dB have been reported [2]-{6]. The firgle  from dc to 110 GHz. A more precise analytical model with
type has the shunt configuration in conjunction with a quartefse sy transmission-line model for batk andorrstates will
wavelength transformer for single-pole double-throw (SPDYs nresented, which fully accounts for measured small-signal
switches, which have a high isolation of 25 dB and an 'nsert'%aracteristics. The power transfer capability and the switching
loss of 1.5 dB from 59 to 61 GHz [2]. The second type of switch,q 4 of the developed MMIC switch have been also evaluated.
circuit has the series FET configuration with a parallel inductofy, large-signal operation of the TWSW will be discussed by
and the switch has shown an insertion loss of 1.6 dB and an I$% oducing the two-terminal nonlinear FET model [5] for both

lation of over 20 dB at 94 GHz [3]. This type of switch forms gy, o\ andorr states, which indicates good agreement with the
resonant circuit with the capacitor in the pinched-off state of ﬂ?ﬁeasured data.

FET and the inductor externally connected between the source
and drain. However, the resonant frequency of this switch circuit
is sensitive to variations of the pinched-off-state capacitance.
The third type has a circuit using the parallel resonance betweerd he novel MMIC TWSW has been developed. The TWSW

a capacitive stub and an inductive shunt line, and it showed igrschematically shown in Fig. 1, and the corresponding equiv-
insertion loss of 3.9 dB and an isolation of 41 dB at 60 GHglent-circuit diagram is shown in Fig. 2. An RF signal is im-
[4]. These configurations are restricted to narrow-band applidgdessed on port 1 atone end of the drain electrode, and the output
tions. The last type has a circuit with the series-shunt configignal appears at port 2 on the other end of the drain electrode if
uration incorporating the ohmic electrode sharing technologﬂ:e switch is in theoN state. A control voltag#’, is applied to

(OEST) to diminish the parasitic capacitance for broad-baff€ gate through an isolation resistor of the order of 20khe
characteristics [5]. This monolithic-microwave integrated-cirf WSW is expressed as the combination of a distributed shunt

FET and a transmission line of drain electrode. Since the gate
bias circuit is isolated with a sufficiently large value resistor,

Il. CIRCUIT DESIGN
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TABLE |
Port1© 1 "E‘ "E = I.E‘ o Port2 PARAMETER VALUE FOR 1004tm-LENGTH FET RrgT FOR
f f f f OPEN-CHANNEL STATE AND Crgr FOR PINCHED-OFF STATE
Reer(=1/Ggr) 8.6 Q
Fig. 2. Equivalent circuit of TWSW. Crer 20 fF
3.15X10° Q/Hz'?
Port1 RTL LTL Port2 x
. L 40 pH
Cr 7fF
G C
= = = 0 T ™ 0
i\\ —
Fig. 3. Equivalent circuit of the TWSW with lossy transmission-line model L\ — g
G = 0,C = CrL + Crgr for theoN stateG = Gggr, C = Cry for the ) ‘\\ <L >< P .
OFF state. = 1 SN/ ~—— - =)
w M3 N\ —
@ / ., v
S IS g
as a lossy transmission line. Thus, the insertion loss and the g I «— N ™ 120 E
isolation of the TWSW can be expressed as the same formula, g p \ N\ g
derived as 2 —wopm | N TN o~
= ———-400 um .~ -\\\
G — 2727y 1 —-— 800 um . :
17 927, cosh 0 + (22 + Z2) sinh A4 3 - T
0 50 100
The return loss is also derived as Frequency (GHz)
2 2\ o
S (Z° - Zo) sinh v/ ) Fig. 4. Calculated insertion loss for 100-, 400-, and 00-TWSW's.

= 277 cosh 7L + (Z2 4+ Z3) sinh v/

whereZj is the port impedance (usually %b). Z, ¢, and~ are

proportional to the square root of the frequency because of the

the characteristic impedance, the physical length of the dr&iin effect, and can be expressed as

electrode, and the propagation constant, respectively. Fonthe

state,y and Z are expressed as

y=a+j8
= /jw(Rrr + jwLrp)(Crr + CreT) 3)
R+ jwLon
Z=4/= . 4
\/JW(CTL + Crer) “)
and for theoFF state
y=a+y8
= /(Brr + jwLtL)(Grer + jwCrL) (5)

(6)

g Rrp + jwLry
Grer + jwCrL

R =xVf

wherey is the proportional factor.

The switch was designed with 0.1Bn gate-length hetero-
junction field-effect transistor (HJFET) technology. From our
several examinations, the design parameters for the switch have
been extracted. The parameter values for the /ifBlength
FET and a drain—electrode transmission line with theu -
width are listed in Table I. From (1) to (4), ideally #r, = 0,
the TWSW is equivalent to the lossless transmission line [9].
In this case, the insertion loss of the TWSW is only due to the
impedance mismatching between the port and switch, and the
insertion loss oscillates periodically with the frequencyIfs
equal toZ,, the insertion loss is zero and the return loss is in-
finity. From these equations, it can be expected that the TWSW
will show no frequency limit as long as the transmission loss
would be negligible. Since actu&lr;, of the TWSW is not too
small to neglect, the insertion loss monotonically increases with
the frequency. As seen later, this lossy transmission-line model
explains the measured results very well in spite of their sim-

()

whereRt1,, Lrr, andCyy, are the series resistance, inductancelicity.

and capacitance per unit length of the drain electrode transmisfFig. 4 shows the calculated insertion losses and the return
sion line, respectivel\Crgr is the capacitance of the unit FETlosses for then state 100-, 400-, and 8Qom TWSW's using

in the pinched-off stateFrrr(=1/Rrrr) is the conductance (1)—(4) and (7). The insertion loss tends to increase with respect
for the unit FET in the open-channel state, which correspondsttofrequency for each length of the TWSW. The difference be-
the shunt conductance per unit length of the lossy transmisstareen the insertion losses of each length of the TWSW is almost
line. w is the angular frequency. The series resistaRge is within 0.6 dB from dc to 110 GHz. The return loss ripples with



842 IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 48, NO. 5, MAY 2000

\\\\\\ — [:Jaur.in[j

R N
= N - :
RPN ™ Port1 [ ———=c ]| Port2
E’ \\. e T B s W foon 1) s i s
2 U
= ! ~.
~.
—— 100 pm ~.
~.
===-400 um ~.
—=+=— 800 um
100 . :
0 50 100 . .
Frequency (GHz) Fig. 7. Top view of developed 400m TWSW.

Fig. 5. Calculated isolation for 100-, 400-, and 806+ TWSW's.
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Fig. 8. Measured and calculated insertion and return losses aintsate
GaAs undoped TWSW (V, = =5 V).

S5.I1.Gahs above and below the undoped InGaAs channel layer. Typical

FET characteristics were as follows. The maximum drain cur-
rent was 600 mA/mm with a threshold voltage-e? V, and a
reverse gate breakdown voltage of over 1 ¥andf ... were
more than 50 and 180 GHz, respectively. The isolation resistor
respect to frequency due to the input impedance mismatchingas monolithically fabricated using the same epitaxial layers
The calculated isolations for 100-, 400-, and §0@-TWSW's used for the FET. To reduce the size of the isolation resistor,
using (1) and (5)—(7) are shown in Fig. 5. The isolation of thhe GaAs contact layer between ohmic contacts was removed
1004:m TWSW is almost constant with respect to frequendyy selective wet etching. The value of the isolation resistor was
because the 10pm-finger FET seems to be a lumped elemenpf the order of 10 R. A top view of the developed TWSW
The calculated isolation of the more than 10 TWSW shows MMIC is shown in Fig. 7 for a 40Qsm-gate finger FET with

the monotonic increase with respect to frequency. The gradient0:m-width drain electrode. The TWSW consists of a single
of the isolation to the frequency increases with the increase®fl5.:m-gate FET with the gate finger of 4Q&m, which op-
TWSW length. The main design scheme of the TWSW is the derates as the TWSW. The RF signal input and output terminals
termination of the physical drain electrode length of the TWS\&re attached on both ends of the drain electrode, respectively.
so as to meet the demanded specification of the insertion Iq¥se TWSW is obviously different from the previous distributed
and isolation. From the return loss in Fig. 4, the impedanegitches because of introducing the distributed FET. The size
mismatching obviously causes over 0.45-dB insertion loss. §0the TWSW is 0.4 mmx 0.07 mm for s 40Q:m-gate finger
realize better input-impedance matching for the state, the FET. The total chip size is 0.85 mm 0.45 mm.

drain electrode width, which determinégy, andCry., must be
chosen optimally.

Fig. 6. Cross-sectional view of HIFET.

IV. MMIC PERFORMANCE

RF performances for the fabricated MMIC switch were mea-
sured from dc to 110 GHz by using an on-wafer probing system

The TWSW was fabricated using the 0.5t HIFET MMIC  with an automatic vector network analyzer (HP85109C). Fig. 8
process for millimeter-wave applications with high reliabilityshows the measured insertion loss anddNestate return loss
[7], [8]. Fig. 6 shows a cross-sectional view of the HIFET. Thier the developed MMIC switch using the 4Q0n distributed
FET channel structure was optimized so that the MMIC switdRET with the calculated results. The distributed FET was con-
can exhibit high current handling capability, as well as higtrolled with the gate bias voltadg,. For theoN-state measure-
breakdown voltages. A double heterojunction structure was ement,V, was set to-5 V. The measured insertion loss was un-
ployed. N-type AlGaAs carrier supply layers are placed botbhanged fol; less than the FET pinch-off voltage 622.35 V.

lll. MMIC D ESIGN AND FABRICATION
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Fig. 9. Measured and calculated isolation and return loss obtirestate
TWSW (V, = 0 V).
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The switching speed of the developed MMIC has been mea-
sured at 20 GHz, applying 50 MHz, 50% duty pulse signal to the
gate of the distributed FET. The output signal and input control
pulse are shown in Fig. 11. The rise/fall time of the input pulse
were 34/32 ps, and the measured rise and fall time of the TWSW
for the RF signal were less than 600 and 400 ps, respectively.

V. DISCUSSION

In this section, the large-signal operation will be discussed.
The equivalent circuit of the TWSW for the large-signal opera-
tion is shown in Fig. 12. The two-terminal nonlinear FET model
has been introduced, which consists of the constant capacitor
and current source [5]. The length of the 400 TWSW was
divided into 40 unit FET’s with the length of 10m. The mea-
sured-V characteristics of the unit current source for the open-

channel state and the pinched-off state are shown in Fig. 13 by

20l @aoGH: ‘ | the dots. By using the two-terminal nonlinear FET model, these
ON I-V characteristics for the open-channel state are expressed as
5 | ] B(—Riolgo + ¢ — Vr)? tanh(aVy,),
= of . Vas £ —¢B , (8)
3 Idso =< B (Vgs, — Vas — V)~ tanh (aVys),
1 1 —¢p < Vas <0 (9)
2
Measured 3 (Ve — Wi tanh (vVys) , 0 < Vi 10
-20 Simulated f ( %0 T) anh (7Vas) = Td (10)
10 20 30 and
Pin (dBm) 0, —¢p < Vas (11)
| | Igo = { Isg{ exp [y (Vis, — Vi — )] ~ 1},
Fig. 10. Measured and simulated power transfer curvgs —5 V for oN (12)
state and’, = 0 V for OFF state). Vas £ —¢B

For the pinched-off state, the current source are expressed as
In contrast, for theoFF state,V, was set to 0 V. The measured

curves are in excellent agreement with the calculated results on

; 2
the lossy transmission-line model. At 76, 94, and 110 GHz, the p (VdREO{/gPtﬁg Vr)” tanh(aVas), (13)
measured insertion losses were 1.52, 2.13, and 2.55 dB, respec- s e 2
tively. From dc to 100 GHz, the measured return loss foxthe j,  _ B (Vesp = Vas—Vr)” tanh(aVas), (14)
state was better than 10 dB. To reduce the insertion and return Vesp —#B < Vas < Vs, — V1 (15)
losses, it is important to eliminate the impedance mismatching 0, Ves, =V = Vas = Vp
and the resistanc&rr,, as mentioned above. The 10-dB re- \ IsD{exp[m,, (Vas— V)| —1}, Vi < Vi
turn loss implies 0.45-dB insertion loss. An improvement of (16)
the return loss is expected from reducing the linewidth of t
drain electrode. Fig. 9 shows the measured isolation and the re-
turn loss for theofF state of the developed MMIC switch for 0, Vi, =¥ < Vs (17)
the 400um TWSW. The measured curves indicated excelleng,, = ISG{ explri (Vs , — éB)] — 1},
agreement with the calculated ones. The measured isolations Vi < Vs, — ¢8 (18)

b P

were better than 22.2 dB with the monotonic increase of over
40 dB from dc to 110 GHz. (i.e., at 76 GHz, the measured isathere is the transconductance parametgs, is the build-in
lation was 36.6 dB.) potential, Vr is the threshold voltagelss is the gate for-
The power-handling capability was measured at 40 GHward current parameter,, is the drain breakdown current
Fig. 10 shows the measured results up to the input powerpsrameter/,, is the forward-biased gate current, afig is
26.5 dBm for both th&N andorFstates. The insertion loss washe reverse-gate breakdown currebl, , and V., are the
almost constant through the measured input level. The isolatigate—source voltages for the open-channel state and for the
was gradually degraded over around a 20-dBm input level. Thinched-off state, respectively, ah@ is the drain breakdown
ON/OFFratio was kept to be over 22.7 dB through the measuredltage in the pinched-off statey, v, x;, and x, are the
input level. The measured insertion loss for the power-handlingltage scaling factors. The calculated curves were evaluated
capability slightly increased compared with the small-signély using the FET model parameter shown in TableChhgr
insertion loss because the wires bonded to the input terminakeds extracted to be 20 fF. The calculaled curves indicate
the MMIC chip cause further input impedance mismatching. good agreement with the measured ones, as shown in Fig. 13.
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Fig. 11. Measured switching speed at 20 GHz with 50 MHz, 50% duty applied pulse.

40 Units

Portl Y Port2

Fig. 12. Equivalent circuit of TWSW using two-terminal nonlinear FET

model.

Ids (mA)
Open-Channel State

0.005 ¢
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0.005T
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Fig. 13. Current source characteristics for unit FET.

TABLE I
PARAMETER VALUES FORTWO-TERMINAL NONLINEAR UNIT FET

0y 031V
o 1.4 V!

B 9.55E-4 A/V?
¥ 1.3V

K; 0.001 V"
K 1v!
V; 235V

Ry 5000000
Isg 0.000007 A

Isy 0.01 A

Vg 57V
Vgso oV

_Vgsp -5.0V

The large-signal transmission characteristics of the TWSW
was simulated using the harmonic-balance method on HP MDS.
For both theoN and OFF states, the simulated results are in
good agreement with the measured data, as shown in Fig. 10. In
the large-signal simulation, the inductance of the bonding wires
from the input/output ports to the test fixture has been consid-
ered. The insertion loss increased by about 2.4 dB due to intro-
ducing the bonding wires.
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The simulated results teach us that the degradation of the isof4] M. Madihian, L. Desclos, K. Maruhashi, K. Onda, and M. Kuzuhara, “A

lation with respect to the input power level is caused by the high-speed resonance-type FET transceiver switch for millimeter-wave
. f th h | FET he k band wireless networks,” ifProc. 26th European Microwave Conf.
current saturation of the open-channel-state at the knee Sept. 1996, pp. 941-944.

voltage. As the input power level increases, the current satu{s] H.Mizutani, M. Funabashi, M. Kuzuharad, and Y. Takayama, “Compact

ration arises at the signal-input port area and the current sat- DPC-60-GHz HJFET MMIC switches using ohmic electrode-sharing
. . . . technology,” IEEE Trans. Microwave Theory Techvol. 46, pp.

uration area is extended to the signal-output port. The isola- 1597-1603, Nov. 1998.

tion degrades with the increase of the input power level sincel6] Y. Ayasli, J. L. Vorhaus, R. A. Pucel, and L. D. Reynolds, “Monolithic

the characteristic |mpedan@of the TWSW decreases. In this GaAs distributed FET switch circuits,” presented at the IEEE GaAs In-

. . tegrated Circuit Symp., San Diego, CA, Oct. 27, 1981.
model, the source—drain capacitance of the FET assumes to be[ﬂ N. Samoto, Y. Makino, K. Onda. E. Mizuki, and T. Itoh, “A novel elec-
constant, but the practical capacitance varies with respect to the tron-beam exposure technique for @.m T-shaped gate fabrication]’

input voltage level. For a more accurate model, the voltage-de-  Vac. Sci. Technalvol. B8, pp. 1335-1338, 1990. _ )
[8] Y. Hori, K. Onda, M. Funabashi, H. Mizutani, K. Maruhashi, A. Fuiji-

pendent capacitance model should be considered. hara, K. Hosoya, T. Inoue, and M. Kuzuhara, “Manufacturable and re-
liable millimeter-wave HIFET MMIC technology using novel 0/
VI]. CONCLUSION MoTiPtAu gates,” inEEE MTT-S Int. Microwave Symp. Djd.995, pp.
431-434.

The MMIC TWSW has been developed for millimeter-wave [9] H. Mizutani and Y. Takayama, *A DC-60 GHz GaAs MMIC switch
applications. The presented lossy transmission-line model for B?é%ne%‘(/eelndgg'ybﬁﬁg nggT%’ ;)m[figg'\_/'ﬂz"s Int. Microwave Symp.
the TWSW successfully explained the measured results. The
developed 400:m TWSW showed insertion losses of less than
2.55 dB and isolations of over 22.2 dB with monotonic increase
over 40 dB from dc to 110 GHz. At 40 GHz, the power-handling
capability of the TWSW was measured with no degradation
the insertion loss up to a 26.5-dBm input level. The large-sign
model of the TWSW using a two-terminal nonlinear FET mod¢ ¥ In 1988, he joined the NEC Corporation,
successfully expressed the measured isolation degradationy & gg\‘;‘é?gmeﬂ?g?%x:Lerg'ceezgsteﬁfgIiggagees;{;;he
respect to the input power level. The measured switching spe ) ment of GaAs power MESFET'’s, and research and
of the TWSW was less than 600 ps for a rise time and less th p- idSE\C/E'r?grf]Tglen;r?flinsiéliig;:rtsf’;ﬂv‘;v: (:?ﬁ'\lstr’\]AeMé% é t'gl
400 pS for a fall time. The deveIOpeC! TWS_W C_an successful & 2 Developm)(/ent Division. His currgnt interest includes
provide the broadest band MMIC switch with high power-hari- - millimeter-wave MMIC’s, especially novel switch

dling capability and high switching speed for millimeter-wavaeircuits for millimeter-wave applications. _ _
communication and radar applications Mr. Mizutani is a member of the Institute of Electronics, Information and

Communication Engineers (IEICE), Japan.
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