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A Sub-Nanosecond Resonant-Type Monolithic T/R
Switch for Millimeter-Wave Systems Applications
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Abstract—This paper is concerned with the design consideration, fabri-
cation process, and performance of & -band monolithic transmit/receive
(T/R) switch for millimeter-wave wireless networks applications. The
developed switch integrated circuit (IC) has a novel structure in which
to pass a signal, it presents a parallel resonant circuit to the signal by
forward biasing a pair of switching heterojunction FET’s (HJFET’s), but
to block the signal, it presents a series resonant circuit to the signal by Fig. 1. V-band T/R switch schematic circuit diagram.
reverse biasing the switching HIFET’s. With a control voltage of 0/3.2 V,
the developed T/R switch exhibits a minimum insertion loss of 3.9 dB, a —
maximum isolation of 41 dB, and a high switching speed of 250 ps, over Vo=0 Ve =Vp
57-61 GHz. The monolithic T/R switch chip size is 3.3 mnx 1.7 mm.
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. INTRODUCTION

Development of high-speed transceiver transmit/receive (T/R)
switches with excellent isolation characteristics are indispensable T
for 100-200-Mb/s millimeter-wave indoor local area networks TX o—]

RX

(LAN’s) and automotive-sensors applications [1], [2]. FET switches c c M4 M4 c c

are advantageous over their p-i-n diode counterparts for their fast :’I: I ;[: I

switching speed, RF-isolated bias port, negligible power dissipation,

and monolithic realizability [3]-[5]. Fig. 2. Switch equivalent circuit for the case 6§ = 0 andVe = Vp.
A conventional FET T/R switch is constructed by essentially

incorporating a series/shunt pair of FET's between the antenna and II. CIrcuIT DESIGN

receiver (RX) ports, as well as between the antenna and transmitteA schematic circuit diagram for the CPW-band FET T/R

]ETX) por_ts [%] |[8]' ZSSJC(QHa StrL;:.:S.Jtre‘ which hgsblimegn la?_plledht witch is shown in Fig. 1. The switch consists of TX and RX arms,
requencies below £, exnibils an appreciable 1soiation chafs .\, comprising a pair of depletion-type shunt FET’s, inductive
acteristics, however, has a relatively low switching speed of sevefal . . - ) .

; L . ransmission lineslinp connected in series with each FET and
nanoseconds. To improve the speed characteristics of the switch while ~ . . o . . .

; . . . . g capacitive transmission liné&-ar, which are in parallel connection
keeping the isolation high, the series FET'’s in the above structure
LT . o with eachTinp.

have been replaced by transmission lines having specific length an

characteristics impedance [5], and switching speeds of 0.5 ns at.1 ignal-line segmentg in the transmltter-to-anten_na_ pat_h, as well as
in the antenna-to-receiver path, have a characteristics impedance of

GHz and 1 ns at 60 GHz have been recently reported [9], [10]. . : .
The FET T/R switches reported so far t))llocE a sig[nil [wh]en 5a0£2. Quarter-wavelength line segmefiisandTx in the transmitter-

control voltage applied to the gate terminal of the shunt FET jg-antenna and antenna-to-receiver paths, respectively, provide a high

0 V, but pass the signal when the control voltage is equal {Bansr_nltter-to-re(_:elvc_er isolation, to be expla_lned later.

or lower than the shunt FET's pinchoff voltage. To cancel out a Switch operation is performed by changing control voliagies

mismatching effect of the FET drain—source pinchoff capacitance 81Hq‘gilncomplemsonlt:alzr,llly, which causes an IFET hpa|r t b.e ?'th?r n
the insertion characteristics, it is required to incorporate a parall s state or state. Quarter-wavelength transmission lines

resonating inductance between the drain terminal and the groum&:orporated between the FET gates and the bias port and bypass

which in turn, dc grounds the drain terminal, and thus, deterioratS@Pacitors are used in each arm to eliminate an RF signal leakage
into the FET gate bias circuit.

low-frequency insertion characteristics of the switch. i ! o .
Utilizing a series/parallel resonance concept, this paper described® €XPlain the operation principles for the present switch, an
an FET T/R switch featuring a simple structure suitable for sugduivalentcircuitfor the case & = 0 andVe: = V- (FET pinchoff
nanosecond class millimeter-wave transceiver applications. Circtilf@ge) is shown in Fig. 2, where the drain-source impedance of
design, fabrication process, and experimental results for the case §f§N FET in the TX arm is represented by the FET “ON” resistance
coplanar waveguide (CPVWj-band T/R switch using 0.16mx 300 Ron, and that of each FET in the RX arm is represented by the

um AlGaAs/InGaAs heterojunction FET’s (HJFET's) are presentedrain-source pinchoff capacitance-. L andC, on the other hand,
are the equivalent inductance and capacitancé&ief, and Tcap,

respectively.
Manuscript received March 14, 1997; revised April 7, 1998. Under such a circumstance, for this structure, in contrast to
M. Madihian and L. Desclos are with the Wireless Network Technologgreviously reported switches, by causing an FET pair to be in the
Group, C & C Media Research Laboratories, NEC Corporation, KawasakiyN"” state, the resultant parallel resonant circuit in the corresponding
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K. Mparuhashi, K. Onda, and M. Kuzuhara are with Kansai Electronic® ™M (TX arm, for this case) will become “open” and the signal can be
Research Laboratories, NEC Corporation, Shiga, 520 Japan. transmitted, but on the other hand, by causing an FET pair to be in the
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Fig. 4. V-band CPW FET T/R switch MMIC with a chip size of 3.3 mm
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Fig. 3. Cross-sectional view for the AlGaAs/InGaAs HJFET used in the F
switch chip. . 5r -
o) i
= 10} .
arm (RX arm, for this case) will become “short” and the signal will @ L
be blocked. Moreover, the role of quarter-wavelength line segments S 15| |
T, andT3 is to cancel out the effect of a series resonant short circuit c g
in one arm on a signal being transmitted in the other arm, and also % 20+ ® Antenna Port
to sustain a high transmitter-to-receiver isolation. o [ ¥ TX(RX) Port
The switch was designed for operation at a center frequency of 25r )
60 GHz. Based on capacitance measurement results for a discrete 30L . L

0.15um x 300 um AlGaAs/InGaAs HJFET, the switch circuit
(shown in Fig. 1) was analyzed on a nonlinear circuit simulator to
optimize capacitive transmission linds:ap, as well as inductive
transmission linedinp, for best port matching, minimum insertionFig. 5.  Small-signal matching characteristics for the antenna and TX (or

55 56 57 58 59 60 61 62 63 64 65
Frequency (GHz)

loss, and maximum isolation. RX) ports.
Ill. FABRICATION PROCESS ANDDEVICE CHARACTERISTICS A
i . . L . 5 [ o—0—0—0—0—0__o o o ]
The V-band T/R switch integrated circuit (IC) was fabricated L Insertion Loss T—e
on a 3-in undoped S| GaAs substrate. A cross-sectional view of 10 ]
a molecular beam epitaxy (MBE) AlGaAs/InGaAs HJFET used 151 8
in the MMIC is shown in Fig. 3. The epitaxial layer structure 20+ g

consists of an AlGaAs/GaAs superlattice followed by GaAs and TX-RX Isolation

AlGaAs buffers, a 13-nm k2 Ga sAs channel sandwiched between
Si-doped Ab »Ga zAs layers and an 80-nm™mGaAs cap layer.

In the FET fabrication process, mesa-isolation, conventional pho-
tolithography, electron beam evaporation, and liftoff techniques have

25}
30+
35
40+

Insertion Loss, Isolation (dB)

been employed. A CPW structure was used for transmission lines, Sl P R
which permits chip size reduction and the possibility of realizing 55 56 57 58 59 60 61 62 63 64 6
transmission lines with different characteristics impedances without Frequency (GHz)

affectlng the overaII. chip layout. To suppress odd modes, me}_%. 6. Measured insertion loss and TX-to-RX isolation characteristics for
bridges were extensively employed to connect ground planes alqpg switch.

the lines, particularly in the vicinity of a line discontinuity. A
metal-insulator-metal (MIM) structure was applied for fabrlcatlng/as utilized for on

dc blocking and bypass capacitors. Details of the fabrication proc 3 “water chip performance evaluation. Small-signal
' . tching characteristics for the antenna and TX, as well as RX ports
have been reported elsewhere [11], [12]. The HIFET's used in {| g P

switch IC have a gate length of 0.14n and a total gatewidth of 300 A depicted in Fig. 5. With respect to Fig. 5, the antenna port exhibits

75 4 fi Tvpical 1 duct t 380 mS/ a return loss higher than 10 dB over 56-60.5 GHz. On the other
/m:j ( 5 /";n;(o GII-?ge[:)S)t.h yr;)lcad ra_nsgpn U(; in(i/e 0 d msim and, return loss for the TX port during the transmission mode, i.e.,
ZZteftfirac}n breakdzt;wn0 volilagi orfaI:rLIO I\?Shgve bée?nmeaasrsy:(;s%i =0 andVc = —3.2 V is higher than 10 dB over 55-60.5 GHz.

- is curve also represents the return-| haracteristics for the RX
the HJIFET's. Measured pinchoff voltage and corresponding drai s curve also represents the return-loss characteristics for the

. " ! Bért during the reception mode, .84 = —3.2 V and Vo = 0.
to-source meh(_)ﬁ capacna_nce for the HJFET's _a¥8.2 V and Insertion-loss characteristics during transmission/reception mode and
0.1 pF, respectively. The inductande and capacitanc&” were

. . ) TX-to-RX isolation performance for the switch are shown in Fig. 6.
reahzet_j, r_esp_ectwely, using Jamx 80 ym and 54ymx 1200,m The insertion loss has a minimum value of 3.9 dB at 59 GHz, and
transmission-line segments.

remains lower than 5 dB over 56—62 GHz. On the other hand, the
TX-to-RX isolation has a maximum value of 41 dB at 59 GHz, and
IV. PERFORMANCE remains higher than 28 dB over 56-61 GHz.
Fig. 4 shows the chip photograph for the developetdland switch. Speed performance for the T/R switch was investigated using a
Chip size is 3.3 mmx 1.7 mm. Cascade Microtech probe statior250-MHz 50% duty pulse with a 0-V/3.2-V level and a rise/fall time
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3 B : .' : ) : Fig. 9. Control voltage dependence of insertion loss for a fiXed= —3.2
; ! B V, and V> as a parameter.
; \\'M,‘J \\,, V. CONCLUSIONS
flw
o ' Design consideration and performance fol’aband monolithic
""g‘.;’\."asns S00pe . div 17 sene T/R switch were described. The developed switch IC has a novel
structure in which to pass a signal; it presents a parallel resonant
Fig. 7. Switch’s speed performance measured using a 250-MHz 50% défycuit to the signal by forward biasing a pair of switching HIFET’s,
pulse. but to block the signall, it presents a series resonant circuit to the signal
OF T T T I T T T T T T T T by reverse biasing the switching HIFET’s. With a control voltage of
s e 0/—3.2 V, the developed T/R switch exhibits a minimum insertion
= 5r . loss of 3.9 dB and a maximum isolation of 41 dB over 57-61 GHz.
o On the other hand, measured switching speed for the developed chip
» 101 ) is 250 ps, which is believed to be the fastest value achieved so far.
S 5L | The monolithic T/R switch chip size is 3.3 mm 1.7 mm, and the
c hope is to find applications in high-speed millimeter-wave indoor
3 201} 4 wireless LAN and automotive-sensors systems.
i
25+ — .
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A. Effects of Control Voltage Adjustment on Switching Behavior  [g]

As was stated earlier, this switch operates based on a series/parallel
resonance concept. For a fixed inductaficehe resonant frequency
of the switch can be changed by adjusting the control voltageand  [7]
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from the antenna port. Moreover, it can be observed that by reducing
Ve, the resonant frequency of the switch, and thus, the operation
center frequency of the switch, can be shifted up Uritilapproaches
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Fig. 1. The equivalent circuit of attenuator.
. . SERIES PIN DIODE ¢j ;
Reflection-Type Low-Phase-Shift Attenuator INPUT Docmns g 0 -
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Won-tae Kang, lk-soo Chang, and Min-soo Kang 22pF ts Rs v ts  Rs A 22pF

Abstract—A transmission-type phase-shift attenuator has a poor re-
flection characteristic at an output port. In this paper, to avoid such
disadvantages, a reflection-type low-phase-shift attenuator has been de-
signed and measured. As a result, at a center frequency (1855 MHz), the
reflection-type low-phase-shift attenuator has an attenuation of 30 dB,
within the limit of 3° phase shift and less than—17-dB reflection
characteristics at both input and output ports. It also demonstrates
that the performance of the reflection-type low-phase-shift attenuator is
better than the transmission-type phase-shift attenuator with the same
measurement specifications.

SHUNT PIN DIODE
DSHUNT

Index Terms—Attenuator, p-i-n diode, reflection type. Fig. 2. Transmission-type low-phase-shift attenuator.

I INTRODUCTION As we can observe in (4), the phase characteristic is variable with

The circuits generally used in the transmitter of the base statigqk variance of attenuation becaysés a function ofR. To solve this
of a modern mobile-communication system consist of high-powRind of structural problem, Walker [3] invented the transmission-type
amplifiers, linearizers, and so on. The variable attenuator is especigifienuator using p-i-n diodes.
one of the most important control circuit blocks composing linealiz- Fig. 2 shows the modified Walker version. It was invented in order
ers, as well as automatic gain control (AGC) systems. Generally, if¢eenlarge the attenuation by using series connected diodes.
attenuators are implemented by using a p-i-n diode or GaAs MESFET]n this circuit, series-connected p-i-n diodes operate as attenuators,
with electrically controllable resistance [1] and, in this paper, p-i-yhile a shunt-connected diode operates as a phase-shift compensation

diodes are applied. circuit. The characteristic of intrinsic layer resistance of a p-i-n diode
A radio-frequency (RF) signal is composed of both magnitude afsl given by [1]

phase elements, but the phase characteristics can be distorted with
the variance of attenuation due to the following structural problem.

,,/'2
In Fig. 1, theS-parameters of the series impedari¢eare given R = L 5)
(2paptlo)
by [2]
Z 27y
G |Z+220 Z+22, L where
[S]= 27, VA : @) W width of i layer;
Z+27Zy Z+27Z Hap a@mbipolar mobility;
The attenuation constant can then be written as T carrier lifetime;
R4iX I,  dc bias current.
a =20 log|—=—| =20 log ‘1 + 4;_2” By forward biasing the diodes in Fig. Z, is increased andz;
2 ) l” is near 0(2, as can be observed in (5). At this time, the attenuation
—101o 1+ R ’ + X ? @ is minimum and theR; of the shunt-connected p-i-n diode goes to
o & 27, 27, ) zero. Thus, pointd turns out to be a short and the shunt-connected

stub at pointB will be sensed as the short stub with electrical length

In the general case of attenuators, the phase characterigtic of 6. For this reason, there is no attenuation caused®py

So1 = |Saile? Alternatively, if I, is decreased by reverse biasing, thBp is
27, increased. Thus, the shunt-connected stub at pBiftas an effect
= Z+27) (3)  on the entire circuits.
_x Let the phase of the total system ke:.—o at 2; = 0, and
— o= tan ! ﬁ 4) ©R;=max at R; = max. If it is possible that;pRj:o = ¢R;=max
+ 22, with controlling 61, 62, 5, and R;, then no phase shift occurs with
Manuscript received March 27, 1997; revised April 7, 1998. the variance of attenuation.
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