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I. OBJECTIVE

The objective of this four-year program (Sept. 1, 1979 to Aug. 31, 1983)

is to develop a monolithic GaAs dual-gate FET phase shifter, operating over the

4- to 8-GHz frequency band and capable of a continuously programmable phase

shift from 00 through N times 3600 where N is an integer. The phase shift is

to be controllable to within ±30. This phase shifter will be capable of

delivering an output power up to 0 dBm with an input and output VSWR of less

than 1.5:1.

II. PROGRESS

In Tri-Annual Report No. 3 for the period 1 May 1981 to 31 August 1981, we

reported the progress in the development of a 900 interdigitated coupler. Two

couplers were reported: a 25-0, 6-line coupler and a 50-, 4-line coupler.

The performance of these couplers was quite satisfactory.

A. 900 Monolithic Dual-Gate FET Phase Shifter

During this reporting period, we have completed the fabrication of a 0 to

900 monolithic phase shifter. The photograph of the phase shifter chip is

shown in Fig. 1. We are in the process of evaluating the rf characteristics of

the various components and the overall phase shifter.

B. 3600 Phase Shifter

In Tri-Annual Report No. 1 (for the period 1 September 1980 to 31 December

1980) we reported the design, fabrication, and performance of the 3600 phase

shifter using discrete components in MIC format. We have conceived a modified

design of the 3600 phase shifter which uses fewer hybrids and thus reduces the

overall size of the monolithic 3600 phase shifter. The earlier approach,

illustrated in Fig. 2, used a 1800 hybrid (Appendix B), two 900 hybrids, and

a four-to-one-way, in-phase combiner. There is another approach, as illus-

trated in Fig. 3, for obtaining four orthogonal vectors. In this approach a

900 hybrid is replaced by a 1800 hybrid and vice versa. Each 1800 hybrid in

Fig. 3 can be replaced by two 900 hybrids, one at the input end and the other

at the output end of the dual-gate FET amplifier. This is shown in Fig. 4.
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Figure 2. 3600 phase shifter (old design).

DG FET AMPLIFIER
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Figure 3. 3600 phase shifter.
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DG FET AMPLIFIER

_ COMBINER

F
90° HYBRID

Figure 4. 3600 phase shifter (new design).

This new configuration of the 3600 phase shifter uses only one two-to-one-way,

in-phase combiner as compared to the four-to-one-way combiner, which consists of

three two-to-one-way combiners, used in the earlier design (Fig. 2). The total

number of 900 hybrids in the new design (Fig. 4) is the same as that used in

the earlier design (Fig. 2), since the 180 ° hybrid consists of three 90°

hybrids (Appendix B) Therefore, the new design reduces the overall size of

the phase shifter significantly. Folded 900 hybrids (interdigitated hybrids)

will be used in the design of the 3600 phase shifter.

The two 900 interdigitated hybrids used at the output of the dual-gate FET

amplifier can have the input/output impedances lower than 50 0 (e.g., 25 Q)

since an in-phase combiner can easily be designed with different input and

output impedances. Use of a 25-9, 900 hybrid will reduce the loss and size of

the matching network of the output impedance of the dual-gate FET. We reported

the development of the 25-0, 900 interdigitated hybrid in Tri-Annual Report No.

3. The overall estimated dimensions of the 3600 phase shifter are 7 mm x 7 mm

x 0.1 on. The design of this phase shifter is in progress.
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C. Processing Details of the Dual-Gate FET Phase Shifter

The phase shifter is initially fabricated on a 10- to 12-mil-thick GaAs

wafer. We have used both ion-implanted and epitaxially grown wafers for

processing the dual-gate FETs. The ohmic contact metallization is Au-Ge/Ni/Au

sintered at 450*C for 1 minute. The metallization for the gates as well as the

bottom plates of the capacitors is Ti/Pt/Au. After the FETs are fabricated, a

thin layer of Si3N4 (2800 X) is sputter-deposited. This layer serves not only

as the dielectric material for the capacitors but also as a passivation layer

for the FETs. Then 2000 R of Ti and 200 R of Au are evaporated on the whole
surface. This facilitates the plating of the circuits (such as the couplers

and top plates of the capacitors). In addition, the 2000-R Ti is used to

define the resistors.

Figure 5 shows a cross-sectional view of the capacitor. The circuits are

defined in thick photoresist and gold-plated to a thickness of about 4 to 5 pm

(Figs. 6 and 7). Posts are defined in thick photoresist and plated to a

thickness of about 3 pm (Figs. 8 and 9). A thin layer of Au (200 to 300 X) is

evaporated onto the surface, air bridges defined in thick photoresist, and

plated to a thickness of about 2 to 3 pm (Figs. 10 and 11).

0 777777 -* TOP PLATE
S1 N4 (2800A) (Au PLATED TO 51im)

BOTTOM PLATE
Figure 5. Cross-sectional view of the capacitor.

PHOTORESIST 0
______ .- 2000 Ti/200A Au

Ga As

Figure 6. Circuits defined.
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Go As

Figure 7. Circuits plated.

_ PHOTORESIST

Figure 8. Posts defined.

Figure 9. Posts plated.
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-o-Au (200-300A)

Figure 10. Air bridge defined.

Figure 11. Air bridge plated.

We have observed that during the plating of the posts there is a tendency

for the thick photoresist to crack making the alignment with the air-bridge

mask difficult if not impossible. Simultaneous with the standard technique for

fabricating the air bridges, we have been trying alternate process techniques

such as underbridges with insulators.

After the completion of the air bridge, the bottom Au layer is etched off.

The resistors are defined and protected, and the rest of the Ti is etched off

(Fig. 12).

The wafer is thinned down to 4 mil and via holes are drilled using a

laser. The bottom surface of the wafer is metallized and plated up through the

via holes. The wafer is diced and ready for measurements.
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Figure 12. Completed air bridge.

III. PUBLICATIONS

The following papers have been published since the last reporting period:

1. M. Kumar, R. J. Henna and H. C. Huang, "Broad Band Active Phase Shifter

Using Dual-gate MESFET," IEEE Transactions on Microwave Theory and

Techniques, Vol. MTT-29, No. 10, pp. 1098-1102, October 1981.

2. N. Kumar, R. J. Henna and H. C. Huang, "Planar Broad Band 1800 Hybrid

Power Divider/Combiner Circuit," IEEE Transactions on Microwave Theory

and Techniques, Vol. MTT-29, No. 11, pp. 1233-1235, November 1981.

Copies of these papers are included as Appendices A and B.
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APPENDIX A

1091 IEEE TRANSACTIONS ON MjICROWAVE THEORY AND TECHNIQUES VOL. M 17-29. No. 10. OCT091 191

Drond-Dand Active Phase Shifter Using Dual-Gate used as variabe gan amplflor ad phae df Is obtained byeape

MESFET aIl of two -agul misah Toes, lb.pinil of an hu
dtfter and the experimental rat S eentd

MAHESH KUMAR, mraims, um, RAYMOND J1. MENNA.
simuEs, ma. ANID HO-CHUNG HUANG, SENIOR ME:MSER, MEE. 1. INrraODUCfloN

In the past, ferrite phase shifters have been used in the phased
Akls'uct-71hi p@We du0le a brosil-barad dual-pt MSr Phas array radar systems. The p-i-n diode phase shifters are being

sbkr (rei rgeneantor) prtn orthe 4-8-OHe fraquascybosai considered because of their lighster weight, highser speed, and
eop~le of 0 MIIU Phs 11t andplell Of .at UWIOUE inbl- transmission reciprocity as compared to the ferrite$ [1J-(41. The
INagW~ phonle SW lfad procen n leda, diec, an ao* ert and p-i-n diode phae shifters, however, still suffer from a
do fraqmecy mMilom and phn ma~odoi, etc. A "vigme mE Is relatively slow response time. The reet interest in fMlY active

phased array radars as well as progress in the monolithic GaAs
Manuscript received April 7, 19811; revised June 3. 1911. Thsis work was integrated circuits has opened the possibility Of realiing active

spotdby the Office of Naval Research under Contrac N0001479-C4M6. phs -hfi subasaemblies based upon GaAs field-effect tran
Teauthors are with RCA Laboratories, David Sarnoff Research Center.Phs iun

Princeton, NJ 08W4. si5toTh (171517).

0OI-9480/8l/000-O9SO.7S 01981 IEEE
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TUAI5slM's O4Nd ROWAVIE THEORY AND TCHNIQUas, VOL. btrr-29. NO. 10. OCTOBER 1981 1099

7ie dil-pe PET has been used in many applications such as CONTROL VOLTAGES ave5',
variable-gain amplifiers [3, power limiters (6], discriminators (71,
4 Minn (8L etc. A single-frequency dual-gate FET phase
slifter has been repored 19L 10j1 The Pha shift is obtained by
chag the d voltage applied to the conh gate of the T,
'ad a Mier phase shift of 1000 has been obtained at a sinale CLO

fequency of 12 GHz. A phase shift of up to 140" was obtained F OUT

afn a thre-device amplifier phase shifter assembly I I . PengeUy F N

a l. 112, studied the transmissio phase variation of a gain- E Ft
oalftb8d dual-ate GaAs MESFETs amplifier, at S-band, which O=PTFLIERS

depends upon the nature of the matching circuits used in the
amplife. TheW types of phase shifters are, in principle, capable
of a relatively narow bandwidth.

A nsarrow-band phase shifter, using a different operating pain-
hPle, has also been reported (4 (131, [141. The phase shift in this Fig I Schematic of a 90' GaAs du"l-g tc FET phase shftet

case is obtained by complex vector addition of two orthogonal
vectoMs This circuit operates over abandwidth of I GHZ in the dual-gate FET amplifier can be controlled from +10 to -30 dB
X-band. There is yet another possibility of using three variable- (cutoff) by controlling the second gate bias voltage [5. The phase
pin Implifiers to obtain a 360 phase shift by using a vector sum difference in path A and path B (Fig. I) is 90*. The resulting
of thru- noforthogll signals separated by 120

° 
each [IS]. This vector sum of the two combined quadrature RF signals is given

approach could lead to a small size, but it is potentially more by
suitable for narrow-band applications.

This paper presents the design and development of an octave C=A +B (I)
bndwidth, dual-gate FET phase shifte operating over the 4-8-
Glk band, capable of a continuous phase shift from zero troough C/ =A +jB = ICI Z tan- 'B/A (2)
N times 360- where N is an integer. The phase shift is obtaiied where C is the resultant RF voltage amplitude and o is the phase
by the vector sum of four orthogonal signals whose amplitudes angle. The output phase angle is, therefore, controlled by ad-
can be varied over a wide dynamic range. Four dual-gate rET justing the relative amplitudes of the quadrature vectors A and B,
amplifiers are used as variable-gain amplifiers for the amplitude This is accomplished by independently adjusting the gain of each

control. The overall amplitude of the phase shifter can be varied of the dual-gte PET amplifiers.

by oely adjusting the gate voltages of the dual-gate PET For most system requirements, the absolute amplitude of the00lflera. Thus a gnal of any phase and amplitude can be resulting phase shifted R1 signal must be kept constant, indepen-

gea-aget Hence, the phase shifter can be used as a vector dent of the selected output phase angle. This means that JCl is
generator. Thsis phase shifter has been realized on a microstrip invariant and the phase angle is selected by controlling the
arit, and is Compatible to monolithic integration on a GaAs

amplitudes of both RF signals A and B. For this unique require-ml*utMW. Tbe work Oft developing the monolithic phase shifter ismei

in progess 16t(17-. mcnt

The ph shifter reported here offers several advantages such F =Constant. (3)
as I) minimal loss: because of the inherent high gain capability of
the dual-gate FET, various signal processing such as switching This can be obtained by partially biasing the amplifiers A and B
and 180* phase inverting can be accomplished with very little such that output is at the 0.707 level. The overall amplitude of the
lows; 2) fast response: the response time of a dual-gate FET is of phase shifter can be varied by changing the gate voltages of both
the order of a few hundred picoseconds. This fast response amplifiers simultaneously. Thus in (3), the constant output ampli-
duactaisfic will lead to high-speed operation; 3) capability of tude level can be varied and this phase shifter becomes a vector
extending to high bits: the key element of the phase shifter is an generttor. A vector generator is a device where a vector of any
analog 90 phase shifter employing two dual-gate FETs. It is phase or amplitude (with respect to an input reference signal)
feasible to increase the number of bits by changing the control could be generated.
voltes to the second gates; 4) serrodyning for Doppler shift can
be rtdy performed using this phase shifter; 5) the phase shifter B. 360 ° Phase Shifter
has application in biphase modulation for secure communications Fig. 2 illustrates the schematic of a continuously variable 0° 

to
or coding and beam steersn 360' phase shifter. The 360- phase shift is achieved by the sum of

four quadrature vectors A- 0', BL 90', C/ 180', and DI 2700
IM PEnqcu Of PA55 SMFMr with properly controlled amplitudes of A, B, C, and D. Those

,4. A w M0r four quadrature vectors can be realized by a 80
° 

power divider,
two 90' hybrids, four dual-gate FET amplifiers and an in-phase,

7We key elmnt of the 360 phase shifter is an analog 900 four-way power combiner as shown in Fig. 2. The inconin
phase dfilte employing two dual-gate PETs. The conceptual signal is first divided into two signah which a equal in ampli-
dedp of the 90 phase difter is shown in Fig. I. The two tude but 180 apart in phase. Then each signal is further divided
dwlpft Mr mpMer are exased in quadrature phas through into two sigsah through a 90- hybrid, resung in four signals of
a b*h powe eplitm at a designated RF frequency. The equal amplitude and having phases of 0", 900, 180", and 270'.
otpuM of both FET amplifie are then combined through an Each signal is then amplified through a dual-gapte FET amplifier,
hi-pse poew combinar to produce a phase-controlled output. and the four outputs are then combined through a four-way,
Te two dua-pte PET amplifiers are used as variable gain in-phase combiner to obtain a phae-controlled output. Fig. 2
ampiflas (SI. It has been shown earlier that the gain of a illustrates the four quadrants of 360' phase shift which are

10



1100 If4F TRANSA(TIONS ON Nit ROWAVI I HORY AND il( HNiQ L S '0o MtrT29, NO 10, oclosta 1981

TANDEM 0 S MYOF10

DIFFERENCE 10-

~~~PORT 2-

su 2
PR 5o 90" HYBRID -01 -j

INPUT Fg 3 Schematic of a 180' hybrid

z ~~OUTPUT20V
1
-S20 - VG"I 3 V

- . V
0
. 4V

IN-PHASE COMBINER

"I RIDS DUAL GATE FET VG 2 , 
4V

AMPLIFIERS c0______________ 6 I
5 6 7 8 FREO GH,

Fig. 2 Sdicrmtic of a 360* GaM dual-gate FET phase shifter
VS

2 
.2V

obtained using a combination of two vectors at a time. Each

dual-gate FET serves as an amplifier-switch which can control
the amplitudes of the vectors A, B, C, and D. As an example, -20 VG2" 3V

when C and D are switched off, A and B are switched on, an
output signal with about 300 phase advance relative to the input
signal is obtained (Fig. 2). By changing the second gate bias -30

voltages of amplifiers A and B (when C and D are switched off),
the total 00 to 900 phase shift can be obtained. Thus by control-
ling the bias voltages of two amplifiers at one time, while the -40
other two are switched off, the total of 3600 continuous phase Fig 4 Variation of gain versus voltage (VG2 ) of a dual-gate FET amplfiar.

shift is obtained.
It is appreciated that

W d#, (4)

Thus by applying varying potentials to the control gates, the
phase can be continuously rotated at a given rate resulting in an
output frequency which is offset in frequency from the input
frequency. It can be shown that by proper choice of input signals
to the four control gates, the following modulation functions
may be performed: a) amplitude modulation; b) pulse code
modulation; c) frequency modulation; d) phase modulation; e)
continuous phase modulation; f) biphase shift keying; g)
quadraphase shift keying; h) multiphase shift keying; i) single-side
band modulation; and j) combination of above.

III. DistoN, FABdJCATION AND PERFORMANCE

The design of the 3600 phase shifter involves the design of the
following components: 180* hybrid, 900 hybrid, four-way com-
biner, and dual-gate FET amplifier. A 1800 planar hybrid is
realized using a 900 interdigitated hybrid and a 0-dB tandem
coupler [181. A 0-dB tandem coupler consists of two, 3-dB 900
interdigitited hybrids connected in tandem (side-by-side) which
produces a 0-dB coupling [191. The schematic of the 180

° 
hybrid

is shown in Fig. 3. It is a four-port device. Ports I and 2 are the Fig 5. Photograph of the 360" phase shifter.
input ports and ports 3 and 4 are the output ports. When the
signal is fed to port I, with port 2 match terminated, the signals
appearn at ports 3 and 4 are both 3 dB below the input signal here. The dual-gate FET amplifier design is done using CAD
and have a phase difference of 1800. This hybrid has a 3-GHz techniques [S]. Fig. 4 shows the variation of gain with frequency
bandwidth over the 4-8-GHz band, and a phase unbalance of for different second gate bias voltages. The gain of the amplifier
± 7*. The designs of the 90' interdigitated hybrid and a four-way can be varied from 10 to - 30 dB (cutoff) by changing the second
Wilkinson power combiner are standard and are not discussed gate (control gate) bias voltage. The photograph of the 360"

11
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Asls USC COD O&A

CONTROL VOLTAGES (VOLTS)

Fi. 6. Variation of phase with control voltages of 36.0- phase shifter

IV. CONCLUSIONS

0' A broad-band active phase shifter has been presented, operat-
- ',, / -- ing over the 4-8-GHz band. Thle 360* continuous phase shift is

- obtained with minimal loss. The phase shifter design presented
-5here is compatible to monolithic integration on GaAs substrates.

7 5 GmaThis phase shifter hasl several advantages over other kinds of
~~~A ~o 10  ao so iopaesit-in light weight, fast response, low loss, and

PHASE IDEGREE ) octave bandwidth capability. It can be used as a vector generator
Fla. 7. Variation of an- itti wish phs of 360"- ser. if the amplitude of the signal is varied along with phase.
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TAN09M 0 do WV9ffi

DIFF904WN I

sum
PONT L

Fig I Schematic of. a Io* hy1bnd

1. INTRODUCTION
In the past, 180" hybrids have been extensively used in bal-

anced nixers. switching networks, phase shifters, and push-pull
amplifiers. The recent interest in monolithic GaAs integrated
circuits has opened the need for a 180* planar hybrid compatible
to monolitinhc integration on GaAs substrates.

Conventional hybrid rings have been used as ISO" hybrids. The
hybrid ring has a narrow bandwidth. Reflection-type 180 hy-
brids have been reported in literature (11. The problem with this
kind of hybrid is the practical difficulty of realizing a good short
or open circuit over wide band of !requencies. The commercially
available 1 80* hybrids use a tandem connection of two couplers
using broadside coupling [2), 13]. This is a multilayer structure
and can be realized using striplines only. Recently, a 3-dB 180"
hybrid has been reported [41 which uses a slot line-microstrip
coupling. The ahovementioned structures for 180" hybrids are
not planar. and not easily compatible to monolithic circuit fabri-
cation

This paper presents an analysis and experimental results of a
broad-band ISO* planar hybrid. This hybrid is a four-port device
with two input ports and two output ports. One of the input
ports is designated as the sum port and the other as the difference
port. A signal fed into the sum port or the difference port is
divided into two signals of equal amplitude with a phase dif-
ference of 0" or 180", respectively. This hybrid has been realized
using a 3-dD interdigitated, 3-dD 90* hybrid, and a O-dD 90*
interdigitated tandem hybrid. The latter hybnd introduces an
additional 90" phase shift which is independent of frequency.
The analysis of the circuit is presented in Section 11. The hybrid
has been designed and fabricated on alumina substrate for C-band
operation. The experimental results are presented in Section Ill.

II. ANALYSIS OF TwE HYIRID

Mlan Wood-fluid 1W HyhWd ft The schematic of the hybrid is shown in Fig. 1. It is a four-port
Div~/Cmlise Eliltdevice. Ports 1 and 2 are the input ports and ports 3 and 4 are the

output ports. When the signal is fed to port 1, the signals
MAHESH KUMAR, maras. sass RAYMOND J. MENNA. appearing at port 3 and port 4 are both 3 d9 below the input

wasosa. massE AND HO-CHUNG HUANG. sENioa kiinsa. rttE signal and have a phase difference of 180". When a Signal is fed
at port 2, the signals appearing at ports 3 and 4 are both 3 dB

A' I -A plasu haumilbuu IW bylad II pru IFUi lb hh is below the input signal and are in phase. These two cases are
sadaui =k4 a 343 W h"b ad a 0.3 W hy..bi4d An considered separately and the analysis is presented for both cases.
hOWi44sd ed.. of *S b*Ma fMutatsed so imm -ua per.
lamedl wd ~ do 4-8&Gta buti l111 6"u~ ho = 'a~e b of Care 1: 19wu ar Differene Port

dwbt5 d ed±md-Ilm.ebihlb.IAee Let 9 lbe the coupling angle and I be the coupling length The
hybrid is illustrated in Fig, 1. Port 4 has an extra length of

htawaseip received Apfil 7, 11; revid July 13, 191. Thbi work was tratflsion lin of length 20. It will be shown later that the
""IP"'Ied by the Ofie Of Naval Itmudi, Artbqlon. VA. nder Con-a- phase difference of the two output signals. appearing at ports 3
N10014-79-06. sad moniore by M. N. Yoder.

Tb hoe ame with RCA Labiwatogla. Davi Sernff Reeard Center, anid 4 is independent of frequency. Assum that a unit amplitude
Princeet. NJ 06540. signal is fed at port I (port 2 is theoretically isolated), then the

0018-9W8/l/llO.1233310.73 01I IM~
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Fig 2 Photograph of the hvbnd

signals appearing at port 3, 4. and I can be obtained as 0 I so

Signal at port 3. "3 = - sin 8 sin: 0 e 1"' (I) 2- .. 2 -

Signal at port 4,g.V=cos e " ' (2)e -- 3

Signal at port 1, V=j sin 0 cos 20 e "i" (3) -4 to

For O=9 /4 at band center, for a 3-dB hybrid, (l)-(3) become "6 0

V= -0.707 e ':' (4) Friqoncy I GlI)

Fig 3 Vanati,on of coupling and isolation between different ports with
V4=0.707 e (5) frequencs of the hyhnd

V,0o. (6) 220 I I 40

Thus the signals appearing at ports 3 and 4 have a phase
difference of 180* and are equal in magnitude which is F2 below t ... 4yo

io 200- Lthe input signal (3 dB below in power). Port I is an isolated port X

since the signal appearing at port I is zero.

Case 2: Input as Sum Port 1 Iso - 0

In this case, the signal is fed at port 2 (Fig. 1) and port Is
theoretically isolated. The signals appearing at ports 3. 4. and I 'so - -2o
can be obtained as

Signal at port 3.V,=j cosO sin 20e "0' (7) 401 1 40

Signal at port 4. 4=jsin e e1"' (8) FREoCENcY ICGa)

Fig 4 Variation of diffcrcntial phase with frrquecy for two cases of I O

Signal at port I, V,=cos Pcos 2 9 e ) '  (9) and 0* hybrids.

For O=wt/4 at band center, for a 3-dB hybrid, (7)-(9) become 11I. EXPERIMENTAL RESULTS

V, =j 0.707 e- '' (10) The hybrid shown in Fig. I consists of three 3-dB 90 hybrids.
The design of an interdigitated, 90 ° hybrid is done using the

V4 =j 0.707 e - (11) well-documented theory 16]. 171. We have fabricated this hybrid
Vt=O. (12) on a 25-mil-thick alumina substrate. The photograph of the

hybrid is shown in Fig. 2. Fig. 3 shows the coupling bctween
Thus signals appearing at ports 3 and 4 are in phase having equal different ports of the hybrid. The isolation between two output
amplitude each 3 dB below the input power. Port I is an isolated ports is better than 18 dB. The powers of the two output ports
port and is match terminated, differ by less than 1.5 dB and the insertion loss of the hybrid is

In both cases, the phase difference between two output ports is less than 0.5 dB over the 4-8-GHz band. The variation of the
independent of frequency. However, the amplitude is frequency phase with frequency is presented in Fig. 4, for both cases, when
dependent, since the coupling angle 9 is frequency dependent. the signal is fed at the different ports or sum port, resulting in
The bandwidth of the hybrid will be slightly less than the two output signals which are 1800 out of phase or in phase,
bandwidth of each 90* hybrid used. A 900 interdigitated hybrid respectively. The maximum VSWR at the different ports is 1.4
has over an octave bandwidth. over the band.
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IV. CONCI USIONS

Wc have presented an analysis and experimental results of a
180 hybrid. This hybrid has been realized on alumina substrate.
It has a bandwidth of 3 GHz over dhe 4-8-GHz band witl a loss
of 0.5 dD. an isolation of >18 dB. and a phase unbalance of
± 7*. The hybrid reported here is compatible to monolithic
integration on GaAs substrates.
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