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A Miniaturized MMIC Analog Phase Shifter Using
Two Quarter-Wave-Length Transmission Lines

Hitoshi HayashiMember, IEEETadao Nakagawalember, IEEEand Katsuhiko Araki

Abstract—This paper describes a miniaturized monolithic-mi- Input port Output port
crowave integrated-circuit (MMIC) analog phase shifter using two Z, Z,
quarter-wave-length transmission lines. A conventional analog #1 % Z, 4#2
phase shifter employs an analog phase-shifter topology using a = >
3-dB 90° branch-line hybrid requiring four quarter-wave-length il 90°
transmission lines. Thus, in the first stage of our study, we
present a new analog phase-shifter topology using only two
quarter-wave-length transmission lines. The phase shifter here
has only one-half as many transmission lines as a conventional
analog phase shifter using a 3-dB 90branch-line hybrid, and the
circuit can be miniaturized to less than one-fourth as compared to
the conventional analog phase shifter. Furthermore, we show that 90° !
the operating frequency range of the phase shifter is very wide and -
can obtain large phase variation with small capacitance variation. #3 Z #4
Next, an experimental Ku-band MMIC analog phase shifter is z Variable
presented. A phase shift of more than 180and an insertion loss ™ impedance Nz,
of 3.61.1 dB are obtained at the frequency range from 12 to = elements =
14 GHz. The chip size of the experimental MMIC phase shifter is
less than 3.0 mm4. Fig. 1. Conventional analog phase-shifter topology using ®@nch-line

hybrid.
Index Terms—Analog circuits, MESFETs, MMIC phase shifters.
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needed. We have proposed a hovel analog phase-shifter configu-
. INTRODUCTION ration that uses two quarter-wave-length transmission lines [7].
ECENTLY, with the advent of monolithic-microwave in-n [7], we analyzed only the case of using two capacitors and/or
tegrated-circuit (MMIC) technology, so-called “active infwo inductors as the variable reactance circuits in order to ob-
tegrated antennas,” in which oscillators, phase shifters, lofin phase-shifter characteristics. In this paper, we will introduce
noise amplifiers, power amplifiers, and antennas are compadfl¢ generalized form of the miniaturized analog phase-shifter
integrated, have been proposed to facilitate the miniaturizati#0logy using two quarter-wave-length transmission lines and
of wireless communication devices [1]-[4]. An analog varactoflescribe the experimental results of our MMIC analog phase
diode phase shifter, which is composed of a 3-dB Bgbrid shifter.
and two varactor diodes, can change the phase continuously by
varying the biases of the varactor diodes [5]. Since it is possible Il. DESIGN APPROACH
to'obtam any number of phase states:, it is thqught that the 3p- conventional Analog Phase-Shifter Topology
plicable range of the analog phase shifter is wider than that of a_ o . . o
digital phase shifter. In order to miniaturize the MMIC analog First, we will give an overview of the operating prlnc(!ple
varactor-diode phase shifter, a small-sized Bgbrid must be °f the conventional analog phase-shifter topology usinga 90
developed. Commonly used branch-ling’ 9brids are com- brgnch-lme hybrld._ Fig. 1 shows a_convent_lonal an_alog phase-
posed of straight quarter-wave-length transmission lines. Gugtifter topology using a Stranch-line hybrid. The input and
et al. have proposed a configuration of a quasi-lumped-eleméfiPut impedances ai&. It is composed of four transmission
branch-line 90hybrid, which uses an inductor—capacienet- I|r_1es, the charactgrlst}c impedance of w_hchZUsand the elec-
work in place of distributed-transmission lines [6]. The chip ardgc@! length of which is 90at the normalized frequency g6,
was reduced successfully to less than 20% of that of the c8Rd two variable impedance elements, the impedances of which
responding distributed element design. This technique has &€ POthZ:. The 90 branch-line hybrid divides the input signal
duced the size of the 9Bybrid considerably. from port #1 equally between the two output ports, i.e., ports

Another approach to miniaturizing the analog phase shiftés @nd #4, but with a difference of 90Ports #3 and #4 are
is to adopt a circuit configuration in which theybrid is not terminated with identical variable impedance elements. Signals
reflected back from ports #3 and #4 are added together at port
_ _ #2 and no signal returns to port #1. In this case, if the variable
Manuscript received August 28, 2000. _ reactance elemenjsy; are used as the variable impedance ele-
The authors are with NTT Network Innovation Laboratories, NTT Corpora- L . . . .
tion, Yokosuka-shi 239-0847, Japan (e-mail: hayashi@wslab.ntt.co.jp) mentsZy, this circuit functions as an analog phase shifter with
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Fig. 3. Novel analog phase-shifter topology using two quarter-wave-length
transmission lines.

B. Novel Analog Phase-Shifter Topology

0 5 10 15 In order to solve the problems mentioned above, we propose
Frequency [GHZ] a novel analog phase-shifter topology using two quarter-wave-
@) length transmission lines shown in Fig. 3. The input and output

impedances aré;. It is composed of two transmission lines,
the characteristic impedance of which4s and the electrical
length of which is 90 at the normalized frequency ¢¥, and

two variable impedance elements, the impedances of which are
Zy andZs, respectively. The reflection coefficienfs; and.Ss,

of this topology at the normalized frequencyfgfare expressed

by the following equation:

180

90

Phase of S, [deg.]
o

N 72
-90 D C,=0.01pF é Zy — Zs
= S11 = S22 = 0 . (2
-180 . Smome s G+ 2y 4 B2t D Z;
0 5 10 15 43 2Zo

Thus, we can obtain the input—output matching condition at the
normalized frequency of, by setting the value of; and Z;
as shown in the following equation:

Frequency [GHz]
(b)

Fig. 2. Simulated frequency characteristics of conventional analog phase 72

shifter for different values of’,. C; was varied between 0.01, 0.05, 0.1, 0.15, s = 2 A (3)
0.2, 0.25, 0.3, and 0.35 pF. (a) Amplitude variationsSef andS: ;. (b) Phase 4Z§ )

variation of 2, In this case, the reflection coefficierffs; andS,»» and the trans-

mission coefficientss; and.S;, of this topology at the normal-
of the variable reactance elements are changed fidmto ized frequency of are expressed by the following equations:
J(X1 + AX,) at the normalized frequency ¢§, is expressed S11 =Soy =0
by the following equation: 237 — 7
Sop =S12 = >——+. @)
X, +AX; X, 220 + 21
f = —2tan~? <T) +2tan™! <Z_> rad (1) Inthis case, if the variable reactance elemge¥t is used as the
0 0 variable impedance eleme#t and the variable reactance el-

Next, we simulated the frequency characteristics of the coff€NntjXs is used as the variable impedance elenintthis

ventional phase shifter using variable capacitf§jwC,) as circuit functions as an analog phase shifter with a constant am-

the variable reactance elemegit§; in order to check the va- Plitude, and the phase shiff when the values of the variable
lidity of the operating principle described above. The simJéactance elements are changed frof to j(X: + AX,) at

lated frequency characteristics of the conventional analog ph&&@ normalized frequency of, is expressed by the following

shifter for different values of capacitan€g are shown in Fig. 2. €duation:

Fig. 2(a) shows the amplitude variations $f; andS11, and o _ 5,1 <X1 + AX1> 4 2tan-t <£> rad  (5)

Fig. 2(b) shows the phase variation$f; . The normalized fre- 27 2Zo

quencyjfy is 10 GHz and the normalized impedarigis 502.  Since this circuit topology needs only two transmission lines,
C; is varied from 0.01 to 0.35 pF. In the simulation, we aghe circuit can be miniaturized to less than one-fourth as com-
sume that the quarter-wave-length transmission lines have pared to the conventional analog phase-shifter topology.
electrical losses. At the normalized frequerfgywe can obtain ~ Next, we simulated the frequency characteristics of the
phase shift of more than 90The frequency range, in whicki;  novel phase shifter using the variable capacit¢fjwC;) as

is less than-10 dB is only from 9 to 11 GHz. This shows thatthe variable reactance elemeii,, and the variable capacitor
the operating frequency range of the conventional phase shift¢(jwC3) as the variable reactance elemggifs, in order to

is very narrow. Furthermore, it is difficult to attain miniaturizacheck the validity of the operating principle described above.
tion because we must use four quarter-wave-length transmissidre simulated frequency characteristics of the novel analog
lines. If the necessary number of transmission lines can be phase shifter for different values of capacitadéeare shown
duced, we can easily attain miniaturization. in Fig. 4. In this case%, is set toZ; and(} is set to four times
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Fig. 4. Simulated frequency characteristics of novel analog phase shifter for
different values of”'; . C; was varied between 0.01, 0.05, 0.1, 0.15, and 0.2 pF.
(a) Amplitude variations 062, andS;;. (b) Phase variation of>; .

C;. Fig. 4(a) shows the amplitude variations.®f; and S, v
and Fig. 4(b) shows the phase variationSef. The normalized
frequency/f, is 10 GHz and the normalized impedangg is

50 §2. C; is varied from 0.01 to 0.2 pF. In the simulation, we Otput
assume that the quarter-wave-length transmission lines have port
no electrical losses. At the normalized frequenfgy we can (b)

obtain phase shift of more than 90rhe frequency range, in _ o _ . . .

hich S.- is less than-18 dB is from 6 to 11 GHz. This shows Fig. 5. Circuit conﬂgu‘rauon anql ch_lp phqtograph of expe_rlmeﬂfad-band
WRNICN 511 > : Y¥> MMIC analog phase shifter. (a) Circuit configuration. (b) Chip photograph. The
that the operating frequency range of the novel phase shifteti® size is 1.28 mnx 2.28 mm.
more than two times wider than the conventional phase-shifter

s i sl e ot S sutc fthe G MESFET.Thegatevithfhe vracto
diode is 20Q:m. The capacitance variation of the varactor diode

at 12 GHz is from 0.25to 0.6 pF at the reverse-bias voltage from
—5.0t00.0 V. As the figure shows, two serial circuits, each com-
prising an inductot;, and anFET,, are serially inserted be-

In order to verify the feasibility of using this circuit topology,tween the ports. The inductance valuelgfis 0.2 nH. In addi-
we fabricated an experiment&lu-band MMIC analog phase tion, two other serial circuits comprising &R and art'E'T,, are
shifter by using a 0.3im-gate-length GaAs MESFET processconnected in parallel to the connection point of the transmission
Typical values of the transconductangg and cutoff frequency lines. These ensure layout pattern symmetry. Fig. 5(b) shows a
fr of the GaAs MESFET were more than 200 mS/mm anzhip photograph. This MMIC structure uses “uniplanar” tech-
20 GHz, respectively [8]. Fig. 5(a) shows the circuit configuriques based on the coplanar waveguide [9]. The chip size is
ration. In order to obtain a large phase shift, two componert28 mmx 2.28 mm, which corresponds to an area of less than
of the phase-shifter circuits were cascade-connected and fal® mn¥. Fig. 6 shows the measured results of the amplitude
ricated into one chip. In this phase shifter, the Shottky-barrigariations ofS;; and.S,;, and the phase variation 6%;. Con-
gate capacitance of the GaAs MESFET was used as the capeal-voltage V. was varied from 5.0 te-0.4 V. A phase shift
itance of the varactor diodeET., by connecting the drain to of more than 180and an insertion loss of 3ifl.1 dB were

I, Ku-BAND MMIC ANALOG PHASE-SHIFTER
PERFORMANCE
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more than 180phase shift. The chip size of the experimental
MMIC phase shifter was less than 3.0 fim

The proposed small-sized phase shifter, which does not re-
quire a 90 hybrid, is useful for the various kinds of applica-
tions from UHF frequencies to millimeter-wave frequencies,
and could also be used to synchronize subharmonically injec-
tion-locked oscillators for spatial power-combining techniques
[10],

[11].
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Fig. 6. Measured frequency characteristics of experimédiitalband MMIC
analog phase shifte¥,. was varied between 5.0, 2.0, 1.6, 1.2, 0.8, 0.4, 0.0, and
—0.4 V. (a) Amplitude variations af>; andS;;. (b) Phase variation ofs; .

(7]

obtained from 12 to 14 GHz. Intermodulation distortion char-
acteristics at each step were measured by inputting two signal
with frequencies of 12 and 12.001 GHz. When the input power
levels of both signals were 5 dBm, the relative output level of
the desired signal compared with the third-order intermodula-!

tion distortion was between 21-44 dB.
[10]

IV. CONCLUSION
[11]
We have presented an analog phase shifter using two
quarter-wave-length transmission lines. A conventional analog
phase shifter employs an analog phase shifter topology using a
3-dB 90 branch-line hybrid requiring four quarter-wave-length
transmission lines, and its size is unsatisfactorily large. Thus,
in the first stage of our study, we developed a new analoa
phase-shifter topology using only two quarter-wave-leng
transmission lines. The phase shifter here has only one-t
as many transmission lines as a conventional analog ph.
shifter using a 3-dB 90branch-line hybrid, and the circuit
can be miniaturized to less than one-fourth as compared to
conventional analog phase shifter. Furthermore, we show
that the operating frequency range of the phase shifter was v
wide and could obtain large phase variation with small capaci-
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