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ABSTRACT 

Using MMICs in phased-array applications above 20 GHz requires complex RF and control 
signal distribution systems. Conventional waveguide, coaxial cable, and microstrip meth- 
ods are undesirable due to their high weight, high l o s s ,  limited mechanical flexibility 
and large volume. 

bution in MMIC phased array antennas, is optical fiber. Presented are potential system 
architectures and their associated characteristics. The status of high frequency opto- 
electronic components needed to realize the potential system architectures is also dis- 
cussed. It is concluded that an optical fiber network will reduce weight and complexity, 
and increase reliability and performance, but may require higher power. 

An attractive alternative to these transmission media, for RF and control signal distri- 

1. INTRODUCTION 

The successful development of GaAs monolithic microwave integrated circuits (MMIC) at 
mm-wave frequencies has transitioned to the integration of MMIC devices into microwave sys- 
tems, particularly phased array antennas. Phased arrays having hundreds of elements are 
becominc, a reality with the maturation of this technology. However, conventional signal 
distribution methods for control and RF functions are not amenable to phased array applica- 
tions. Waveguide, coaxial cable, and microstrip transmission lines suffer from high 
weight, mechanical inflexibility, and hi h loss. Fiber optic transmission lines have the 
potential to overcome these limitations.9 Fiber is lightweight, small in physical size, 
mechanically flexible, highly EM1 and EMP resistant and virtually lossless. 

issues remain to be addressed before fiber technology is mature enough for use in space 
communication systems. Much research has been initiated to make high frequency fiber 
optics realizable for microwave phased array antenna systems. As part of its overall 
goals, NASA has identified several missions requiring high frequency fiber optic tech- 
nology. These missions include Mars Rover (Mars to Earth data relay), Mission Planet 
Earth (Earth radiometry with active array compensation), and the Experimental Antenna 
System, (prototype reflector based antennas using phased array feeds). This paper attempts 
to show the types of architectures that are possible and the devices required to implement 
microwave phased array antenna systems. 

With the benefits of optical fiber systems becoming more promising, many technology 

2. OPTICAL SYSTEM ARCHITECTURES FOR MICROWAVE PHASED ARRAYS 

The integration of MMICs into microwave phased array communications systems has identi- 
fied fiber optic interconnections as an enabling technolvgy. Two areas of development 
that are critical to the successful implementation of fiber are optical fiber architectures 
and integratable opto-electronic devices on GaAs substrates. An analysis of potential 
architectures reveals that, at present, all of the possible architectures can be repre- 
sented by three basic types. 

nology development.2 
element assignments are determined and transmitted. Addressing schemes of this type 
result in element-by-element control signal distribution which requires high serial bit 
rates to address large numbers of elements in demanding communications traffic scenarios . 3  
A n  alternative design concept is to provide each element in the array with a minimal 
amount of processing capability, thereby distributing the system intelligence and easing 
addressing hardware constraints. 

Control signal distribution is the least demanding architecture in terms of device tech- 
The typical configurations assume a central control unit from which 
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The lower frequency requirements of control signal architectures ( < 1  GHz) allow for a 
more timely development of these architectures. However, many technology issues are common 
to all fiber architectures. These features include the integration of Opto-Electronic 
Integrated Circuits (OEICs) with GaAs MMIC designs, fiber device interconnection, and 
device efficiency. Even at lower frequencies, efficient OEIC design and implementation is 
a challenge. 

RF signal distribution architectures are generally characterized by the point at which 
the communications data and the RF carrier are combined. In CPU-level designs, the commu- 
nications data is impressed on the RF carrier before conversion to light. This type of 
architecture is the simplest conceptually, but is the most demanding on the optical 
requirements of the link such as bandwidth, dynamic range, and noise figure. 

with the RF carrier at the transmit or receive MMIC module. The greatly reduced high fre- 
quency RF bandwidths required, lead to relaxed system specifications, but two fibers are 
needed instead of one and components for mixing RF and data must be incorporated in the 
MMIC design. 

A more realizable architecture at present is that of combining the communications data 

A third type of architecture does not use controllable MMICs as the devices necessary to 
create the appropriate phase and amplitude excitations for antenna beam formation, rather, 
this function is implemented in the optical domain. Optical Beam Forming Network (OBFN) 
architectures use holographic techniques to combine spatial as well as temporal information 
for antenna beam formation.415 By optically creating the desired antenna beam character- 
istics, the difficulty in producing nearly identical MMIC phase shifters and variable gain 
amplifiers is overcome. 

OBFN architectures have similar temporal device requirements to other fiber architec- 
tures, but have unique spatial device requirements. Temporal modulation, photodetection, 
and high power light generation are common to all RF signal distribution architectures. 
Additionally, spatial modulation, spatial sampling, and optical signal combi!iing devices 
are needed to completely develop OBFN architectures. 

3. OPTICAL MODULATION TECHNIQUES 

While spatial modulation is unique to OBFN architectures, temporal modulation is common 
to a l l  fiber architectures. Temporal modulation can be characteKized by direct, indirect, 
and injection locking techniques. Injection locking differs from the other two techniques 
in that it does not directly support the W carrier, but is used as a reference to synchro- 
nize free-running microwave oscillators at the desired frequency. 

Conceptually, direct modulation is a straightforward technique.6 The RF communications 
signal is used to directly modulate a laser diode. However, the optical link demands for 
a directly modulated link are significant. As with other mm-microwave transmission sys- 
tems, direct links require large dynamic ranges, high center frequencies, wide bandwidths, 
and low noise levels. At present, modulation frequencies are limited to the upper teens 
of GHz, limited largely by the relaxation-oscillation effects of laser diodes. Relative 
Intensity Noise (RIN) effects, the primary noise source in optical l i ! i k s ,  result in modest 
bandwidths at reduced dynamic ranges. At frequencies above 8 GI- lz ,  direct modulation tech- 
nique specifications such as threshold current and depth of modulation are usually traded- 
off to achieve very reasonable link performance. 

along with laser sources to modulate optical carriers. Most indirect modulation tech- 
niques use devices that operate at 1300 nin on substrates, like LiNi03, that until recently 
were incompatible with GaAs processing techniques. In interferometric devices, the RF com- 
munications signal is used to modulate the refractive index of one leg of the interferom- 
eter which phase modulates the laser light and results in an intensity modulated optical 
signal. Indirect modulators suffer from high insertion losses and therefore require sig- 
nificant optical power from the laser source. Ironically however, to achieve low noise in 
the optical carrier it is desirable to operate the laser at low power. 

type of modulation differs from the others in that it supports the RF carrier indirectly. 
Optical injection locking is used to feed a synchronizing RF reference signal either 
directly or indirectly to a free-running microwave oscillator. The indirect technique uses 
a low power CW sub-harmonic RF signal to modulate a laser source and this optical synchro- 
nization signal is transmitted via fiber, detected and amplified and fed to a free- 
running microwave ~scillator.~ 
nization signal is applied directly to a photoreactive MESFET microwave oscillator without 
the need of predetection and amplification. The advantage of both techniques is the 

Indirect modulation techniques use external devices such as Mach-Zehnder interferometers 

Injection locking techniques are the third major catagory of temporal modulators. This 

The direct technique is similar except the optical synchro- 
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relaxed optical power constraint and that the synchronizing reference signal may be a sub- 
harmonic of the microwave oscillator frequency and use the non-linear operational mode of 
the laser to generate the correct harmonic for injection locking. At present, injection 
lockins techniuues have been the only temporal modulation technique to be usable beyond 
20 GHz. 
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4 .  SYSTEM COMPONENTS 

The feasibility of several system architectures discussed earlier depends on the devel- 
opment of several key high frequency optical components. The current capability of these 
components in terms of frequency or  speed of operation is shown in Fig. 1. More detailed 
discussions for each component are presented below: 

4.1. OPTICAL INTEGRATED CIRCUITS 

In an active, solid-state phased array based on a fiber optic network an optical fiber 
from the central processing unit will be connected to the MMIC module for the phase and 
gain control functions. 
essor by an optical fiber if feasible. It may be possible with multiplexing to combine 
the two links on a single fiber. Implementing various optical fiber links for an MMIC 
phased-array signal distribution network will require integrated optical transmitters and 
receivers on GaAs substrates for 0.8 to 0.9 pm wavelength transmission. 

Interfaces for phase and amplitude control of the MMIC receiver and MMIC transmitter 
require transmission of the digital signal by optical fiber. The input signal to the 
transmitter, the local oscillator signal to the receiver, and the IF output from the 
receiver will require W-optical links. 

A variety of opto-electronic integrated circuits (OEIC) has been demonstrated, 
although their compatibility with MMIC fabrication processes has yet to be determined. 
The OEICs required for the RF signal interface require high bandwidth photodetectors. The 
status of such photodetectors is discussed in Section 4 . 3  

The NASA Lewis Research Center has taken the initiative to develop a photoreceiver on a 
GaAs substrate that will control the phase and gain functions of an MMIC. A GaAs photo- 
receiver circuit operating up to 1 Gbits/sec and also employing a 1:16 demultiplex chip on 
a GaAs substrate tested with a clock speed up to 2.7 GHz has been dem~nstrated.~ 
operations are now being fully integrated to demonstrate the phase and amplitude control 
of GaAs MMICs. 

The W input to the MMICs will be connected to the baseband proc- 

These 

The direct optical control of phase shifting and gain functions of MMICs is also a pos- 
Optical control of micro- sibility which can further simplify the MMIC/optical interface. 

wave devices and circuits has been demonstrated, lo # l1 however such techniques can provide 
switching but not sufficient phase shifting, and monolithic integration of such methods 
also has to be shown. 
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4 . 2 .  LASER SOURCES 

As discussed earlier, the RF signal can be up-converted to an optical frequency by 
directly modulating the laser diode current and the modulated signal detected after trans- 
mission over a fiber optic link.12 Fully packaged commercial GaAlAs/GaAs can operate up 
to 10 GHz when biased to maximum output power. For GaInAs InP lasers operating at 1.3 pn, 
modulation response up to 15 GHz has been demonstrated.(13( The direct modulation band- 
width of these lasers is limited to the relaxation-oscillation frequency. Recently, in 
highly p-doped GaAs/GaAlAs multiple quantum well lasers a relaxation-oscillation frequency 
of up to 30 GHz has been observed.14 Direct modulation of the laser offers the advantages 
of small size, low coupling loss, and ease of operation. RIN, non-linearity and power con- 
sumption remain major problem areas. 

4.3. PHOTODETECTORS 

Photodetectors in discrete form as well as integrable with GaAs MMICs are required to 
demodulate microwave signals carried by an optical fiber up to 100 GHz. The optical wave- 
length of 0.82 to 0.84 pm and 1.3 to 1.5 pm are of interest. A semi-transparent Schottky 
barrier photodiode designed and fabricated by Wang et a1.l7 has been operated in excess of 
20 GHz. By further reducing the active layer geometry to a 5 pm square, bandwidths have 
been demonstrated in excess of 100 GHz. At 1.3 pm, GaInAs PIN photodiodes have been oper- 
ated up to 30 GHz.18 Ease of integration with GaAs MMICs, low noise, and high quantum ef- 
ficiency remain the major criteria for the selection of photodetectors for phased array 
applications. 

like structures have been demonstrated up to 10 GHz bandwidths and their performance in 
optical receivers has been evaluated.15 
heterostructures.16 
electrode spacing and saturated velocity of electrons in the GaAs or heterostructure 
layers. 

Photoconductors with interdigitated surface geometrics and fabricated on GaAs MESFET- 

Similiar photoconductors have also been studied on 
The gain bandwidth product in these photoconductors is limited by 

4.4. MODTJLATORS 

Indirect modulation techniques require the use of external modulators which take advan- 
S o  far, modulators based on tage of the electro-optic and electron absorption phenomenon. 

the electro-optics effect such as Mach-Zehnder interferometric techniques, have shown band- 
widths u 
length.2g The advantage of GaAs is obvious, as it will allow integration with laser 
sources, detectors and GaAs digital electronic circuitry. Other major advantages of indi- 
rect modulation are low noise along with isolated optical and microwave inputs. Additional 
weight, optical damage thresholds and insertion loss remain the major disadvantages. 

to 17 GHz in LiTa03 substrates19 and 20 GHz in GaAs substrates at 1.3 pm wave 

CONCLUSIONS 

Several potential architectures for optically controlling and feeding high frequency 
GaAs MMIC devices used in microwave phased-array antennas have been presented. The 
specifications and characteristics for the opto-electronic devices required to implement 
these architectures have also been discussed. It is concluded that a substantial effort 
in the research and development of this technology is needed to produce opto-electronic 
devices and architectures for use at mm-wave microwave frequencies above 2 0  GHz. Addi- 
tionally, without fiber optic links for feeding and controlling microwave phased- 
arrays, large phased-arrays at mm-wave frequencies may never be enabled. 

REFERENCES 

1 .  A.M. Levine, "Fiber Optics for Radar and Data Systems," in Laser and Fiber Optics 
Communications, SPIE Vol. 150, M. Ross, ed., SPIE, Bellingham, WA, 1987, pp. 185-192. 

2 .  J. Austin and J.R. Forrest, "Design Concepts for Active Phased-Array Modules," 
Proc. Part F: Commun. Radar Signal Process., Vol. 127, pp. 290-300, 1980. 

3. K.B. Bhasin, and G. Anzic, R.R. Kunath and D.C. Connolly, "Optical Techniques to Feed 
and Control GaAs MMIC Mocules for Phased Array Antenna Applications," in AIAA 11th 
Communication Satellite Systems Conference, AIAA, New York, 1986, pp. 506-513. (Also 
NASA TM-87218). 

4 .  G.A. Koepf, "Optical Processor for Phased Array Antenna Beam Formation," in Optical 
Technoloqy for Microwave Applications, SPIE Vol .  477, S. K. Yao, ed., SPIE, 
Bellingham, WA, 1984, pp. 75-81. 



5. L.P. Anderson, F. Boldissar, D.C.D. Chang, "Antenna Beamforming Using Optical 
Processing," To be published in SPIE Vol. 886, SPIE, Bellingham, WA, 1988. 

6. H.W. Yen, C.M. Gee, H.Blauvelt, "High-speed Optical Modulation Techniques," in Optical i 
Technoloqy for Microwave Applications 11, SPIE V o l .  545, S.K. Yao, ed., SPIE, 
Bellingham, WA, 1985, pp. 1-9. 

7. P.R. Herczfeld, A.S. Daryoush, A. Rosen, A.K. Sharma, and V.M. Contarino, "Indirect 
Subharmonic Optical Injection Locking of a Millimeter-Wave IMPATT Oscillator," IEEE 
Trans. Microwave Theory Techniques, Vol. MTT-34, pp. 1371-1376, 1986. 

8 .  J.K. Carnev. M. Helix, and R.M. Kolbas, "Operation of Monolithic Laser Multiplexer - . _ _ ~  
Optoelectr&ic IC, " i n  Optical Interfaces for Diqital Circuits and Systems, sPIE 
Vol. 466, R.A. Milano, ed., SPIE, Bellingham, WA, 1984, pp. 52-58. 

9. G. Gustafson, M. Bendett, J. Carney, R. Mactaggart, S. Palmquist, F. Schmit, K. Tan, 
and W. Wolters, "GaAs Circuits for Monolithic Optical Controller," To be published in 
SPIE V o l .  886, SPIE, Bellingham, WA, 1988. 

1 0 .  R.G. Hunsperger, "Optical Control of Microwave Devices," in Inteqrated Optical Circuit 

11. R.N. Simons and K.B. Bhasin, "Microwave Performance of an Optically Controlled 

Enqineerinq 11, S. Sriram, ed., SPIE Vol. 578, SPIE, Bellingham, WA, 1985, pp. 40-45. 

AlGaAs/GaAs High Electron Mobility Transistor and GaAs MESFET. 1987 IEEE M T m  
International Microwave Symposium Diqest, Vol. 2, IEEE, New York, 1987, pp, 815-818. 

12, K.Y. Lau, C. Harder, and A. Yariv, "Direct Modulation of Semiconductor Lasers at f 

13. C.B. Su, V. Lanzisera, R. Olshansky, W. Powazinik, E. Meland, J. Schlafer, and 

>10GHz by Low-Temperature Operation," Appl. Phys. Lett., Vol. 44, pp. 273-275, 1984. 

R.B. Lauer, "15 G H z  Direct Modulation Bandwidth of Vapour-Phase Regrown 1.3 pm InGaAsP 
Buried-Heterostructure Lasers Under CW Operation at Room Temperature," Electron Lett., 
Vol. 21, pp. 577-579, 1985. 

14. K. Uomi, T. Mishima, and N. Chinone, "Ultrahigh Relaxation Oscillation Frequency (up 
to 30 GHz) of Highly p-doped GaAs/GaAlAs Multiple Quantum Well Lasers," Appl. Phys. 
Lett., Vol. 51, pp. 78-80, 1987. 

15. S.J. Wojtczuk, J.M. Ballantyne, Y.K. Chen, and S .  Wanuga, "Monolithically Integrated 
Photoreceiver with Large Gain-Bandwidth Product," Electron Lett., V o l .  23, pp. 

16. T. Umeda, Y Cho, and A. Shibatomi, "Picosecond HEMT Photodetector," Jpn. J. Appl. 

574-576, 1987. 

Phys. Lett., Vol. 25, pp. L801-L803, 1986. 

17. S.Y. Wang, D.M. Bloom, and D.M. Collins, "20GHz bandwidth GaAs Photodiode", Appl. 
Phys. Lett., Vol. 42, pp. 190-192, 1983. 

18. J.E. Bowers, C.A. Barrus, and R.J. McCoy, "InGaAs PIN Photodetectors With Modulation 
Responses to Millimetre Wavelengths," Electron. Lett., Vol. 21, pp. 812-815, 1985. 

19. C.M. Gee, G.D. Thurmond, and H.W. Yen, "17 GHz Bandwidth Electro-Optic Modulator," 
W l .  Phys. Lett., Vol. 43 pp. 998-1000, 1983. 

20. S.Y. Wang, S.H. Lin, and Y.M. Houng, "GaAs Travelling-Wave Polarization Electro-optic 
Waveguide Modulator with Bandwidth in Excess of 20GHz at 1.3pm," Appl. Phys. Lett., 
VOl. 51, pp. 83-85, 1987. 

5 



Nailanal Aeronamcs ana 

1. Report No. 
NASA TM-100852 

Report Documentation Page 
2. Government Accession No. 

3. Security Classif. (of this report) 

Uncl a s s i  f i ed 

4. Title and Subtitle 

O p t i c a l l y  C o n t r o l l e d  Phased-Array Antenna Technology 
f o r  Space Communication Sys tems  

20. Security Classif. (of this page) 21. No of pages 22. Price' 

U n c l a s s i f i e d  

~~ 

7. Authorfsl 
Richard  R. Kunath and Kul  B. Bhasin 

9. Performing Or anization Name and Address 
Nat i onaf Aeronaut i cs and Space Admi n i  s t r a t  
Lewis Research Center 
Cleveland.  Ohio 44135-3191 

on 

2. Sponsoring Agency Name and Address 

N a t i o n a l  Ae ronau t i cs  and Space A d m i n i s t r a t i o n  
Washington, D .C .  20546-0001 

3. Recipient's Catalog No. 

5 .  Remrt Date 

6. Performing Organization Code 

8. Performing Organization Report No. 
E-4055 

10. Work Unit No. 

506-44-2A 

11. Contract or Grant No. 

13. Type of Report and Period Covered 

Technica l  Memorandum 

14. Sponsoring Agency Code 

5. Supplementary Notes 
Prepared for  O p t o e l e c t r o n i c s  and Laser A p p l i c a t i o n s  i n  Science and Eng ineer ing  
(0-E/LASE ' 8 8 ) .  sponsored by t h e  S o c i e t y  o f  Photo-Opt ica l  I n s t r u m e n t a t i o n  
Engineers,  Los.Angeles,  C a l j f o r n i a ,  J a n i a r y  10-15, 1988. 

6. Abstract 

Us ing  MMICs  i n  phased-array a p p l i c a t i o n s  above 20 GHz r e q u i r e s  complex RF and 
c o n t r o l  s i g n a l  d i s t r i b u t i o n  systems. Convent ional  waveguide, c o a x i a l  cab le ,  and 
m i c r o s t r i p  methods a re  u n d e s i r a b l e  due t o  t h e i r  h i g h  we igh t ,  h i g h  loss, l i m i t e d  
mechanical f l e x i b i l i t y  and l a r g e  volume. An a t t r a c t i v e  a l t e r n a t i v e  t o  these 
t r a n s m i s s i o n  media, f o r  RF and c o n t r o l  s i g n a l  d i s t r i b u t i o n  i n  M M I C  phased a r r a y  
antennas, i s  o p t i c a l  f i b e r .  Presented a re  p o t e n t i a l  s y s t e m  a r c h i t e c t u r e s  and 
t h e i r  a s s o c i a t e d  c h a r a c t e r i s t i c s .  The s t a t u s  o f  h i g h  frequency o p t o - e l e c t r o n i c  
components needed t o  r e a l i z e  t h e  p o t e n t i a l  sys tem a r c h i t e c t u r e s  i s  a l s o  d i s -  
cussed. I t  i s  concluded t h a t  an o p t i c a l  f i b e r  network w i l l  reduce we igh t  and 
comp lex i t y ,  and inc rease  r e l i a b i l i t y  and performance, b u t  may r e q u i r e  h i g h e r  
power . 

7. Key Words (Suggested by Author@)) 

O p t i c a l l y  c o n t r o l l e d  phased-array 
F i b e r  o p t i c s  

18. Distribution Statement 

U n c l a s s i f i e d  - U n l i m i t e d  
Sub jec t  Category 32 


