2446 IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 49, NO. 12, DECEMBER 2001

An Ultra-Broad-Band Reflection-Type Phase-Shifter
MMIC With Series and ParallalC Circuits

Kenichi Miyaguchj Member, IEEEMorishige HiedaMember, IEEEKazuhiko Nakaharaviember, IEEE
Hitoshi Kurusu, Masatoshi Nii, Michiaki Kasahara, Tadashi Takdgmber, IEEE and
Shuji Urasaki Senior Member, IEEE

Abstract—An ultra-broad-band reflection-type phase shifter RF IN RF OUT
is proposed. Theoretically, the proposed phase shifter has fre- O——)  3-dBHybrid Coupler ~——0
quency-independent characteristics in the case of 180phase
shift. The phase shifter is composed of a 3-dB hybrid coupler ><
and a pair of novel reflective terminating circuits. The reflective
terminating circuit switches two states of series and paralleLC Jf %

circuits. Using an ideal circuit model without parasitic circuit Reflective Reflective
elements, we have derived the determining condition of frequency ferminating terminating
independence of circuit elements. Extending the concept, we can circuit circuit
also obtain a broad-band phase shifter for other phase difference
as well. In this case, for a given phase difference and an operating _. o ) )
frequency, we also derive a condition to obtain minimum variation ~9- 1. Schematic diagram of a reflection-type phase shifter.
of phase difference around the operating frequency. This enables

the broad-band characteristics for arbitrary phase difference. The proposed phase shifter is composed of a broad-band

The fabricated 180° reflective terminating circuit monolithic ; ; ; . P
microwave integrated circuit (MMIC) has achieved a phase differ- 3-dB hybrid coupler and a pair of novel reflective terminating

ence of 188-3° over 0.5-30 GHz. The 180 phase-shifter MMIC circuits. Theoretically, it has frequency-independent character-
has demonstrated a phase shift of 182:7° over 0.5-20 GHz. The istics in the case of 18(hase shift. The reflective terminating
90° reflective terminating circuit MMIC has performed a phase circuit switches two states of series and parall€l circuits.

difference of 93 +7° over 4-12 GHz. Using an ideal circuit model without parasitic circuit elements,
Index Terms—Broad-band, MMIC, monolithic microwave inte- W€ have derived the determining condition of frequency inde-
grated circuit, phase shifter, reflection type. pendence of circuit elements. Extending the concept, we can

also obtain a broad-band phase shifter for other phase difference
as well. In this case, for a given phase difference and an oper-
ating frequency, we also derive a condition to obtain minimum
HASE shifters have been widely used in active phasedariation of phase difference around the operating frequency.
array antennas (APAAs) for electronic beam steering [1fhis enables the broad-band characteristics for arbitrary phase
Recently, broad-band APAAs have been required in wide-bagference. The 180and 90 reflective terminating circuits’
microwave applications. According to the demand of wide-bamgonolithic microwave integrated circuit (MMIC) and the £80
APAAs, broad-band phase shifters have been developed [2]—{&flection-type phase-shifter MMIC have been designed and
In this paper, we propose an ultra-broad-band reflection-typgbricated by 0.5:m pseudomorphic high electron-mobility
phase shifter with new reflective terminating circuits. The conransistor () HEMT) MMIC technology. The 18Qeflective
ventional reflection-type phase shifter, which consists of a 3-dBrminating circuit MMIC has achieved a phase difference of
hybrid coupler and a pair of reflective terminating circuits with 83°+3° over 0.5-30 GHz. The 18(hase-shifter MMIC has
impedance transformers, is able to be operated in a relativelymonstrated a phase shift of 287° over 0.5-20 GHz. The
wide frequency range. However, it still has a restriction of o@(Q’ reflective terminating circuit MMIC has performed a phase
erating bandwidth because of poor frequency characteristicsdifference of 93+7° over 4-12 GHz.
the impedance transformers [6].

I. INTRODUCTION

Il. NOVEL REFLECTIVE TERMINATING CIRCUIT

A. 180 Phase-Difference Case
Manuscript received March 30, 2001; revised August 21, 2001. Fig. 1 sh h ic di f flecti h
K. Miyaguchi, M. Hieda, M. Kasahara, T. Takagi, and S. Urasaki are with the Ig. 1 shows a schematic diagram ot a reflection-type phase

Information Technology Research and Development Center, Mitsubishi Electgibifter. It consists of a broad-band 3-dB hybrid coupler and a

Corporation, Kamakura 247-8501, Japan. = , _ pair of reflective terminating circuits. Fig. 2 shows a schematic
K. Nakahara is with Kamakura Works, Mitsubishi Electric Corporation, Kad. f I refl . . . ircut do
makura 247-8520, Japan. iagram of a novel re ective term!natlng circutts and Cs
H. Kurusu is with the High Frequency and Optical Semiconductor Divisiorgorrespond to inductor and capacitor of the seti€scircuit,
Mitsubishi Electric Corporation, Itami 664-8641, Japan. ___while Lp andCp are the inductance and capacitance of the par-
M. Nii is with the Communication Systems Center, Mitsubishi Electric Cor- llel LC ci . ivelv. Th fl . . . . .
poration, Amagasaki 661-8661, Japan. alle cwcuﬁ, respectively. he re ect|ve. ter!'nlnatlng. cwc;un
Publisher Item Identifier S 0018-9480(01)10444-8. switches series and paralleC circuits by switching the circuit.

0018-9480/01$10.00 © 2001 IEEE



MIYAGUCHI et al.: ULTRA-BROAD-BAND REFLECTION-TYPE PHASE-SHIFTER MMIC WITH SERIES AND PARALLELC CIRCUITS

RF port

Switching Circuit _} _
[}
~a

[,

UG (RN — ]

Ls

i

Lp Cp

—

Fig. 2. Schematic diagram of a novel reflective terminating circuit.

Reflection coefficientd’s andI'p of series and parallélC
circuits are given by

Zs — Zo

s =|lgle??s = =—22 1
s =|I'sle 77 Zo 1)
i ZP—ZO
Ip=|Tple/?r = — 22 2
p=|Iple 70§ 70 2
where
1
Zs =jwLs + - (3
JwCs
1
s +jw0p
JwLp
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Substituting (7) into (8), we can obtain the following polyno-
mial equation:

2
1
Lp(14w’LsCs) |14 23 <— - wop>

CULP

1 2
Lg— —— z2
<w o wC’5> * 0

The coefficients of all terms with respectddhave to be zero
to satisfy (9) for alkv. We can then derive the determining con-
dition as follows:

—Cs(1+w?LpCp) =0. (9)

_[Es _ [Tr
Zo = o “Vos (20)
Substituting (10) into (7) leads to
d=m. (11)

As a result, it has been shown that only an “1gBase dif-
ference is obtained without frequency dependence by satisfying
the determining condition of (10).

B. Non-180 Phase-Difference Case

Next, we derive the condition in the case of non-1pbase-
difference¢o over a broad bandwidth. To yield a broad-band
phase difference characteristics, it is required to satisfy condi-
tions as follows :

In(1)—(4),Zs andZp are the impedance of series and parallel

LC circuits andps and¢p are the reflection phase of series and Plomw; = Plo=ws = 0 (12)
parallelLC circuits, respectivelyZy is the impedance of a 3-dB deb deb
hybrid coupler. Using (1) and (2),s and¢p can be written as o = =0. (13)

1
2%, <wL5 — F) Substituting (7) into (12), we obtain the following equations:
1 S

¢s = tan— 2 (5) 1 1
=) _ 27, Ls — 27, —wC
<st w05> VA 0 <w1 s wle) B 0 <w1Lp w1 p)
1 1y 1 >
2Z0 —_— = UJCP <w1L5 - ) - Zg 1-— Zg < - w10p>
—t -1 wLp (6) wlCS wle
¢p = tan . 2 — tan ¢o (14)
1-— Zg <— — w0p> 1 1
wlp 2Z0 | waLg — 2Z0 —w2Cp
, , _ , _ w2Cs w2lLp
The phase differencg is defined by the following equation: 1 3 - 1 3
wolg — -2z 1-2z2 < — w2 )
¢ =¢s—¢p < s w205> 0 O\woLp 270
27, <wL5 - —é ) n o &)
= tan~! w-s From (7) and (13), we obtain the following equations:

< )
wLhs ——— ) — 22 2
w05> 2 1
1+25 | ———wiC
+244 <w1Lp w1 P)

1
Lod_—
) <w1 S+w105>

2

- 1 2 " = < L +CU1CP) <w1LS——1 ) +Z5 (16)
1- 22 < - w0p> wiLp w1Cs
CULP 2
In order to obtain broad-band phase difference characteris-<w2Ls+ %, ) 1473 <——w20p>
tics, ¢ has to satisfy the following condition for all frequencies: wats wanr ,
1 1 )

W =0, foralle. ® = <w2Lp WQC”) <”2L5‘w205) 2| (A7)
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To reduce (14)—(17) to solvable forms, we introduce the con- 0
ditions as follows: e
1 %160
R
wy = 18 =140
LGS R 1)
1 5 100 - \
= 19 2
v = VLnCr (19) 5 80_\/—\_/
w1 + w2 3 601
Equation (18) corresponds to the condition thaitw is the 22

phase difference between the series cird/Cs as a short
termination and parallel circuit /Cp. Equation (19) corre-
sponds to the condition thatat w, is the phase difference be-
tween the series circults /Cs and parallel circuitL »/Cp as Fig. 3. Ideal phase-difference characteristics of the reflective terminating
an open termination. Thec is the center frequency aof, and ~ circuit.

o
-
N
w
oH

Nomalized Frequency

Wa.
We can then reduce (14) and (15) to the following equations: The circuit elementd s, Cs, Lp, andCp are then given as
1 follows:
2Z0 < — w10p>
tan d)O —_ CU1LP 5 (21) LS(“’C; (/)0)
-z (L _uc _ _Ald) <1+COS‘7)°>@ (30)
O\wLp 77 A(po) =1\ singo /J wc
1 Cs(we, ¢o)
270 | wals — .
tan ¢po = 0< = wQCS) (22) = (A(¢0) —1)(A(¢o) +1)* < si g ) L (31)
1\, 4A(¢o) 14cos ¢ ) weZo
walis = waCs ) %o Lp(we, ¢o)
p— 2 1
Equations (21) and (22) can be rewritten as follows: _ (A%) 4;)((A§Z)O) +1 <1 _S:n </>0¢ ) % (32)
0 COS @ wWer
1 2
Zg tan ¢ <——w10p> —2Z0< —w10p> —tan ¢ Cr(we, do)
wiLp wiLp _ 1 1 + cos ¢ 1 (33)
=0 (23) o A((/)()) —1 sin (/)0 UJCZO )
2
tan ¢g <w2Ls — L) —27 <w2L5 — L) — 73 tan ¢ Therefore, the circuit elements have been expressed as func-
w2Cls waCs tions ofwe andgg. Substituting (30)—(33) with (7), it is easily
=0. (24)  shown thatp is a function ofw /w¢. The ideal phase-difference

Finally, we obtain solvable forms of (14) and (15) as l‘olIows(.;h""r"’wterIStICS versus normalized frequeagi.c are plotted

in Fig. 3. In the case of a 9phase difference, the phase-differ-
1 w0 Cp = <1 + cos d)o) 1 (25) ence variation is less than 1°1dverw, to w-, wherew; andw,
—wCp = [0

wilp sin ¢ Z are0.42wc and1.58w¢, respectively.
1 14 cos¢g
wobs = 0e = < sin go )ZO' (26) lll. DESIGN

We also reduce (16) and (17) to solvable forms as follows:A- 180 Reflective-Terminating-Circuit MMIC

. 2 . Fig. 4 shows a schematic diagram of the proposed ti8lec-
we = |1+ <M) + <M) tive terminating circuit. It consists of only a few circuit elements
sin ¢o sin o of built-in inductorL;, built-in capacitoiC;,, and a pair of FET1

2 and FET2. These FETs are used as switching elements.
) \/2+ <m> wr Fig. 5 shows equivalent circuits of parallel and setli€s
sin o states of the 180reflective terminating circuit, respectively.
(= A(po)wr).- 27) R,n1 and R, are the on-state resistances of FET1 and FET2,

respectivelyC.g; andC.g» are the off-capacitances of FET1
Let A(¢o) be the coefficient of (27). From (20) and (24), and FET2, respectively. In parallelC state operation, FET1
andw- are expressed as follows: and FET2 are turned on, as shown in Fig. 5(a). By neglecting
9 Ron1 and Ryy,0, the circuit can be simplified to a paralleC
w1(¢o) = ———we (28) circuit, which corresponds to the parallel resonant circuit of
Alo) +1 Lp/CpinFig. 2. In seried C state operation, FET1 and FET2
2A(¢o) are pinched off, as shown in Fig. 5(b). When the admittance of
- A(po) +1 wo- a series capacitance combination consistingpand Cog- is

w2 (¢o) (29)
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RF port L, RF port
Lt
FET1 FET2 FET3
L, - C,
\Y v \
FET1 FET2
4 = Fig. 6. Schematic diagram of a proposed 8flective terminating circuit.
Fig. 4. Schematic diagram of proposed 18&lective terminating circuit. Parallel LC circuit
RF port Ls RF port
Parallel LC _]_ O
circuit Lp‘Ls I
L, = G, I
on1 on2
Series LC circuit

RF port Lp-Ls C, f Cp ‘I‘
Series LC I
cnrc\u‘lt Com I Ronz Cm I

c Fig. 7. Equivalent circuits of parallel and serie€ states of 90 reflective
off2 terminating circuit. (a) ParalldlC state. (b) SeriekC state.

O
=
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C, are 0.23 nH and 0.09 pF under the assumptiafipef 50 2
andwg = 27 x 35 GHz.

Fig. 5. Equivalent circuits of parallel and serie€ states of 180reflective ; ; ; iraLi
terminating circuit. (a) ParallelC state. (b) SeriekC state. B. 90 Reflective Terminating Circuit MMIC

Fig. 6 shows a schematic diagram of a propos€a@&ective
small enough to be neg|ected, the circuit can be S|mp||f|ed tdqmlnatlng circuit. It consists of two indUCtorS, two CapaCitorS,
seriesLC circuit, which corresponds to the series resonant citnd their FETs. These FETs are used as switching elements.
cuit of L,/C, in Fig. 2. Therefore, Fig. 4 can be identical to Fig. 7 shows equivalent circuits of parallel and seti€s
Fig. 2 provided thaL, plays the role of. » andLg simultane- States of the 90reflective terminating circuit, respectively.
ously. From (10)Cp, Cs, andC,g must be equal t@%,. We font, Ron2, and Royz are the on-state resistances of FET1,
have the determining condition for the circuit shown in Fig. £/ET2, and FET3, respectivelf,q, Conz, and Cogz are the
When the resonant frequency of the parallel and the sefles Off-capacitances of FET1, FET2, and FET3, respectively. In
circuits is set to beyg, the circuit elements ok, Cy,, andCo parallelLC state operation, FET2 is pinched off and FET1 and
are determined uniquely as follows: FET3 are turned on, as shown in Fig. 7(a). In the condition

that C, Come, Ront, and R,,3 can be neglected, the circuit

L, = % (34) can be simplified to a paralldlC circuit, which corresponds
“o 1 to the parallel resonant circuit df,,/C,, in Fig. 2. In series
C, =Copp1 = (35) LC state operation, FET1 and FET3 are pinched off and

woZo FET2 is turned on, as shown in Fig. 7(b). In the condition
However, the paralldlC state has a return loss that is detetthat C},, Cogs, L, — Ls, Comt, and Eop2 can be neglected,
mined by nonzerd?,,; and R,,2. The return-loss increase inthe circuit can be simplified to a seridsC circuit, which
the parallelLC state particularly appears ap. Therefore, the corresponds to the series resonant circuiLofC; in Fig. 2.
parasitic resistances of FETSs place a constraint on the operafiing FET size was determined so as to equalize the return loss
bandwidth.wg has to be optimally determined larger than thef the series and parall&lC states due to smalRq,1, Ron2,
operating bandwidth. From (34) and (35), the value&pénd andZR,,3. From (30)—(33), the values dfs, Cs, Lp, andCp
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Fig. 11. 180 phase-shifter MMIC.
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Fig. 10. Return-loss performance of the 18@flective terminating circuit
MMIC.

Measured
_______ Simulated
40 T i

are 0.68 nH, 3.26 pF, 2.19 nH, and 0.073 pF, respectively, under

the assumption af, = 50 © andwc = 27 x 8 GHz.ws and 0 5 10 15

wp are2r x 3.38 GHz and2r x 12.6 GHz, respectively. Frequency (GHz)
(b)

Fig. 13. Insertion- and return-loss performance of the°l1g0ase-shifter
MMIC (a) ParallelLC state. (b) SeriekC state.

20 25

IV. MEASURED RESULTS
A. 180 Reflective Terminating Circuit and Phase-Shifter

MMIC is incorporated between source and drain terminals of FET1.
Fig. 8 depicts a photograph of a fabricated 18flective That resistor has a negligible effect on phase difference and

terminating circuit MMIC. The integrated circuit (IC) has beeimpedance of the circuit. Fig. 9 shows the simulated and

fabricated by using 0.m pHEMT technology. To equalize measured phase-difference characteristics of thé re8i@ctive

the return loss between parallel and seti€sstates, a resistor terminating circuit MMIC. Fig. 10 shows the return-loss
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Fig. 14. Fabricated $0reflective terminating circuit MMIC.
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Fig. 15. Phase-difference performance of theréflective terminating circuit
MMIC.

characteristics. Both of the measured and simulated results
in good agreement. The measured phase difference fs=B33
over 0.5-30 GHz, and the measured return loss Q.3 dB
over 0.5-20 GHz.

Fig. 11 presents an ultra-broad-band “186flection-type

Parallel LC State

Return Loss (dB)

Series LC State

Measured
_______ Simulated

o 5 10 15 20
Frequency (GHz)

Fig. 16. Return-loss performance of the®9@flective terminating circuit
MMIC.

1.95+0.7 dB at the same frequency range. The difference be-
tween the measured and simulated phase difference are mainly
caused by differences between the measured and simulated
FET characteristics used in it.

V. CONCLUSIONS

We have presented an ultra-broad-band reflection-type phase
shifter, which is composed of a broad-band 3-dB hybrid cou-
pler and a pair of novel reflective terminating circuits. Theo-
retically, the proposed phase shifter has frequency-independent
characteristics in the case of a 2g§thase shift. The reflective
terminating circuit switches two states of series and paratlel
circuits. Using an ideal circuit model without parasitic circuit el-
ements, we have derived the determining condition of circuit el-
ements for frequency independence. Extending the concept, we
GRp also obtain a broad-band phase shifter for other phase dif-
ferences as well. For a given phase difference and an operating
frequency, we also have derived a condition to obtain minimum
variation of phase difference around the operating frequency.
The fabricated 180reflective terminating circuit MMIC has

phase-shifter MMIC fabricated by the same process. It cofchieved a phase difference of 183" over 0.5-30 GHz. The

sists of a 3-dB Lange coupler and a pair of 186flective

fabricated 180phase-shifter MMIC utilizing the reflective ter-

terminating circuits. Fig. 12 shows the measured and simulaf@¥ating circuits has successfully demonstrated a phase shift
phase-shift characteristics of the phase-shifter MMIC. Fig. £ 187'+7° over 0.5-20 GHz. The fabricated 9@flective ter-
shows the measured and simulated loss characteristics. fHBating circuit MMIC has performed a phase difference of

measured phase shift is 18&77° over 0.5-20 GHz. The
measured insertion loss is 0.6 dB over 6-20 GHz and

93°+7° over 4-12 GHz.
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