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Compact Reflective-Type Phase-Shifter MMIC for
C’-Band Using a Lumped-Element Coupler

Frank Ellinger Student Member, IEERoIf Vogt, Member, IEEEand Werner Bachto|d-ellow, IEEE

Abstract—The design and results of an ultra-compact /" Cocwwsx  C, R,
single-load reflective-type monolithic-microwave integrated-cir- pT—— ", . I'_
cuit phase shifter at 6.2 GHz for a satellite radar system is 3dB 90° Coupler
presented in this paper, which has been fabricated using a R S Run
commercial 0.64m GaAs MESFET process. A 3-dB 98 coupler = <
with lumped elements enables significant circuit size reduction _T_ _T_ 7
in comparison to former approaches applying microstrip branch G G L, 7y L
. : ; @ Ln T@ Reflective Loads
line or Lange couplers. Phase control is enabled using MESFET 1y g c
varactors with capacitance control ratios Cmax/Cmin) Of _L HE-block
only four. Equations are derived to precisely describe the phase G G 'l—l |——=l Veontrot
control ranges versus capacitance control ratios for different load Ln T

. . S S . Out G-
configurations to allow efficient optimizations. Furthermore, the ® J_@ r* Ruias = 2kQ
design tradeoff between low loss and high phase control range C C r,7, L Cpe.biock = SpF
is discussed. Within a phase control range of 210 a loss of -l- T ChF-biock = 10pF
4.9 dBx0.9 dB and a 1-dB input compression point of higher than = = R p: Rosae
5 dBm was measured for the designed phase shifter. The circuit C;=0.51pF
size is less than 0.5 mi, which, to our knowledge, is the smallest C:=0.21pF 1
reflective-type phase-shifter size reported to date. . In=091nH Cocoma € R,

Index Terms—Coupler, GaAs MESFET, lumped elements,
MMIC, phase shifter, varactors.

Fig. 1. Circuit topology of the RTPS using lumped elements.

I. INTRODUCTION

UE TO THEIR low control complexity (only one control gsltsé;ndependent of the operation frequency or the used tech-

voltage), low loss, _go_od stability against temperature Furthermore, the influence of the reflection loads is discussed
changes, and low sensitivity on process tolerances, reflec- . . . ! )
. . : hd analytical equations are derived to find an optimum tradeoff

tive-type phase shifters (RTPSs) are frequently used in radar. : X
etween low loss and high phase control range for single-load

§ystems. The first RTPS was introduced by. [1] and has beﬁ PSs using varactors with limited capacitance control ranges.
improved by [2], [3], and several other studies. However, the

compactness of these circuits is particularly limited by the size

of the branch-line couplers having microstrip lines with lengths

of A/4. Recently, a study has been done to reduce the size of Il. DESIGN

an L-band RTPS down to 12 mmx 60 mm by folding the

microstrip lines of the coupler [4]. Nevertheless, these phaseThe circuit topology of the designed RTPS consisting of a
shifters still consume too large sizes for compact radar systerdsiB 90 coupler and the reflective loads is shown in Fig. 1.
A C-band GaAs MMIC RTPS has been reported in [5], fahput and output are symmetrically matched tdh0rhe phase
which the size was reduced to 3.6 numl.6 mm. of the circuit can be adjusted by the control voltddg,; o1,

The major design issue of our study was to further reduce tiaich is fed through the connected drains and sources of the
RTPS size by substituting the microstrip lines of the branch-lin@ESFETS, used as varactors. The gates of the transistors are dc
coupler by lumped-element equivalents. To our knowledge, theounded. The RTPS was fabricated using the Triquint TQTRX
RTPS presented in this paper has the smallest size reportedGttAs  monolithic-microwave integrated-circuit  (MMIC)

process, which features MESFETSs with gate lengths of/n¢
high value capacitors with 1.25 f##h?, and which enables the
design of inductors with relatively high quality factors. Induc-
tors have been optimized using SONNET [6]. Line thicknesses

Manuscript received June 28, 2000. of 6 um (connection of two metal layers), spacings ofi3,

The authors are with _the Laboratory 'for Electromagnetic lfi_elds and Mind linewidths of 15:m have been chosen for the inductors
crowave Electronics, SWIS.S- Federal Institute of Technology Zdrich, CH—BO%(Z) enable a good tradeoff between low parasitic resistance and
Zurich, Switzerland (e-mail: ellinger@ifh.ee.ethz.ch).
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TABLE |
SIMULATED RESULTS OF THERTPSAT 6.2 GHzwITH DIFFERENT LOADS INCLUDING RESISTIVE PARASITICS OF THE ELEMENTS FOR
A CAPACITANCE CONTROL RANGE r- = 4. MOUNTING LOSSES OF THETEST SUBSTRATE ARE NOT TAKEN INTO ACCOUNT. (a)
ONLY VARACTOR: *' OPTIMUM. (b) VARACTOR RESONATED WITH INDUCTOR

Zow/Zo Cro Ry Ae Sa
1% 510fF 2Q 70° -1.2dB +0.1dB
()
ZCvo/zo Cvo Rvo Ll Rl A‘P S2l
0.62 825fF 1.5Q InH 1.2Q 95° -2.1dB+0.15dB
2.16 235fF 5Q 3.5nH 4Q 205° -3.1dB+0.4dB
42 120fF 10Q 6.9nH 9Q 260° -6dBx1.6dB
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5] 6.1 6.2 6.3 6.4 0 I I 0

Frequency [GHz] 1 0 1 2 3 4 5 6

Control Voltage [V]
Fig. 2. Simulated losses and phases of the 3-dB @pler with lumped ) . . )
elements (parasitics are included). For port numbering, refer to Fig. 1. Fig. 3. Measured capacitancg, and parasitic series resistanée, of a

MESFET varactor® = 150 gm, drain and source are connected together)
versus control voltagef = 6.2 GHz.

performed in HP CDS using measurédparameter files for _
the MESFET varactors and inductors. B. Reflective Load

Phase control of the RTPS is enabled by varying the capac-

itanceC, [Cin, - - - » Cimax] Of MESFET varactors with the ca-

A. 3-dB 90 Coupler pacitance control ratio

Omax
Instead of microstrip lines, the 3-dB 96oupler is realized re = Coin’ (4)
\[/g]t'h lumped elements, which can be calculated as follows mhe corresponding variation of the reflective load impedance

Z; causes a phase variation of the reflected signal. The obtained
reflection coefficient is

1
Cy= @) L=
woZo "=z (5)
I Zo 2) resulting in a phase variation of the RTPS of
h — ( )
wo\/§ VA Z .
1 Ap=2 [arctan <%) — arctan <%)} . ()
Co=——-0C 3) K K
Wy Lh

With L; = 0 andR; = R, = 0 (assumption of negligible par-
asitics), we obtait¥, ;. = 1/w,Chyin @NdZ iy, = 1/w, Cryax.

with port impedanceZ, = 50 © and angular frequency,. A maximum phase control range of 186an be reached for
Fig. 2 shows the simulated losses and phases of the coupter.— oc. In most cases, MMIC processes feature no special
Within a bandwidth of 100 MHz, centered at 6.2 GHz, the trangloping profiles for varactor applications, which would allow
mission lossesYs:, S41) are 3.3 dB-0.2 dB and the transmis- large capacitance control rangas. MESFETs with the drain
sion phasesgs, ¢41) are 1.5+ 3° and 88+3°, respectively. and source connected together can be used as varactors, but their
Port isolations §34, S43) of higher than 22 dB and return lossegontrol ratior is limited. For the TQTRX process, we measured
of higher than 25 dB were simulated. maximum ratios of- = 4 for deep depletion FETs (G-FETSs,
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Fig. 4. Calculated phase variation of the reflection coefficient (equal
to phase control range of the RTPS) versus capacitance control range =

re = Cmax/Cmin; parasitics are not taken into account. (a) Only varactor Cy = [0.12pF - 0.48pF]
Zcvwel/Z, = 1 (maximum phase variation). (b) Varactor resonated with
inductor.

Fig. 5. Simulated reflection coefficient of loads with capacitance control
rangre = Chax/Cmin = 4; parasitics are neglected. (a) Only varactor

gatewidth= 150 ym, gate lengtk= 0.6 m), as shownin Fig. 3. Zcv./Z. = 1. (b) Varactor resonated with inductéic../Z, = 2.
The center valu€’,,, of the varactor capacitaneg, with cor-
responding reactance reflective loads. Calculating the corresponding maximum of (6)

1 gives a maximum phase control range of
ZC’UO = 4 (7)
wocvo ZC’UO 1 1
has to be optimized to obtain maximum phase control range 2¢ = 4arctan Z, 2 <W - \/T—C> (10)
within the limited capacitance control ratig:. This can be ob-
tained by calculating the maximum of (6). We get with the following relation between load inductbf and Z¢ .,
. (reactance of’,,):

1 .
Cvo — m with Cmax — Cvo \Vakel andcmin — \/T_C (8) ZC’UO 1
Ll = 5 Vro + — |- (11)
resulting in a phase control range of Wo vre
1 The phase variation versus capacitance control rapgeillus-
Ap = 2 |arctan (y/r¢) — arctan Nz C) trated in Fig. 4(b) for different relations df¢../Z,. A phase

) o , _ . control rangeAyp of 225 can be calculated fdZ ¢, /Z,) = 2
This phase variation versus capacitance control raggs il- - 54, — 4. Equal results are obtained by simulations, as illus-
lustrated in Fig. 4(a) fotc.,/Z, = 1, for which maximum  ateq in Fig. 5(b). Either increasir-,., /Z, or ¢ canincrease
phase control is obtained, as shown in (7) and (8). With a Gz phase control range. Faf — oo or (Z¢wo/Z,) — oo (de-
pacitance control ratio of four, a maximum phase control rangeanding(L;/C,,) — o), a phase control rangay of 360°
of 74" is calculated. This agrees well with the simulated resultS,, pe reached. The increaseZf,, /Z, demands an increase
for the reflection coefficient and the RTPS, as shown in Fig. 5(8} 1, and a decrease 6f,, (decrease of the gatewidth of the var-

and Table I(a), respectively. actor), which, unfortunately, both increase resistive parasitics.

The phase control range can be significantly increased Bys slightly decreases the phase control range and significantly
resonating the capacitance of the varactor with an induGtor ;creases the signal loss given by

Neglecting the resistive parasiti¢®; = R, = 0) results in
Zmax =wli — 1/wCpi and Z;, = wl — 1/wChyax for the S21 = 201og(r). (12)
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. . Fig. 9. Measured phase of the RTPS versus frequency and control voltage.
Fig. 6. Photograph of the RTPS MMIC. Total chip size is 0.85 mrh.1 mm,

circuit size is less than 0.5 nfm
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Fig.7. Measured phase, signal loss, and return losses (dotted line) of the RFi##@5 10. Measured signal loss of the RTPS versus frequency and control
versus control voltagef, = 6.2 GHz. voltage.
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Fig. 8. 1-dB input compression point of the RTPS versus control volage,

6.2 GHz. Fig. 11. Measured return losses of the RTPS versus frequency and control

voltage.
An optimum tradeoff between high phase control range (figh
and lowC,,, resulting in high resistive parasitics) and low los
(low resistive parasitics demanding Idw and highC,,,) has to
be found for the design. Table I(b) shows the results of simula-
tions for the RTPS applying different relations ¢, /7, in- IIl. M EASUREMENTS
cluding resistive parasitics. We chose a load Witk:,,,/Z,) = A photograph of the MMIC RTPS, mounted and bonded on
2.16 (corresponding t@’,,, = 235 fF andL; = 3.5 nH), which a1 inx 1 in Duroid test substrate, is shown in Fig. 6. The total
shows a good tradeoff between high phase control rangé&)(20&hip size is only 0.85 mmx 0.9 mm, the circuit size is less
and moderate signal loss (3.1 #tB.4 dB, mounting losses arethan 0.5 mm. A signal loss of—4.9 dB+£0.9 dB and return
neglected). Full 360phase control range can be obtained bipsses of higher than 8 dB are measured within a maximum

geries connection of two of these RTPSs, including a security
phase control range to cope with process tolerances.
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ase control range o . Z, as shown in Fig. 7. [6] J.Kucera, “Highly integrated RF transceivers,” Ph.D. dissertation, ETH,
ph trol ge of 21@t 6.2 GH h Fig. 7 _ :
As expected, the losses are slightly higher in comparison to the_ ETH 13361, Zdrich, Switzerland, Dec. 1999.

. lati Table I(b)] in which substrate. mountin and[7] F. Nibler, HochfrequenzschaltungstechnikBerlin, Germany: Auflage,
simu _a ons [See ’ ’ ’ 9, ‘ Expert Verlag, 1999, vol. 2.

ondaing losses were neglected. FIg. o snows the large-sign R. W. Vogel, “Analysis and design of lumped and lumped distribute
bonding | lected. Fig. 8 sh the | ab] [ lysis and design of lumped and | d distributed
performance of the circuit. Within the 21phase control range, element directional couplers for MIC and MMIC applicationt?EE

. L . . Trans. Microwave Theory Teghvol. 40, pp. 253-262, Feb. 1992.

the 1-dB compression point is higher than 5 dBm. Figs. 9-11
show the phase, signal loss, and return losses versus frequency
and control voltage. Within a bandwidth of 100 MHz, centered
at 6.2 GHz and within a phase range of 21tbe return losses
are higher than 7 dB and the signal loss and phase variation
the different control voltages are less th&af.4 dB and+-17°,
respectively.
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IV. CONCLUSIONS
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