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Abstract- With the advance of high speed laser technology, 
optical interaction with microwave circuits has become highly 
viable. Such interaction is advantageous as the fiber is low-loss, 
lightweight, and immune to electromagnetic interference. In this 
paper, interaction of direct-modulated and gain-switched optical 
links with active antenna phased array systems is demonstrated. 
In the direct-modulated optical system, the RF signal directly 
modulates the DFB laser. In the gain-switched optical system, 
the laser is gain-switched to function as a RF frequency doubler. 
The modulated signal is transmitted via an optical fiber and 
recovered at the receiving end by a high-speed photodetector. 
The recovered RF is then injected into the active antenna phased 
array systems as an injection-locking reference signal. Two active 
antenna systems are used for this demonstration: beam-switching 
and Doppler transceiver. 

I. INTRODUCTION 

HERE HAS BEEN extensive research in the interaction 
of optical signals with microwave circuits. As direct 

modulation bandwidth is constantly being pushed higher in 
the development of high speed lasers, optical interaction with 
RF circuits becomes viable. Currently, state-of-art high speed 
laser diodes have a direct modulation bandwidth of 30 GHz 
[ 11. This makes direct modulation of a laser diode an easy and 
efficient method for RF-optical signal conversion. 

Use of optical link is very attractive and viable, as 
the fiber is low loss, highly deformable, lightweight, and 
immune to electromagnetic interference. This is favorable 
for radar systems where space and weight are critical 
constraints. In addition, optical fiber has the capability of 
simultaneous multiple-wavelength transmission and reception 
in wavelength-multiplexing communication system. Modeling 
and analysis of this optical/RF link have been extensively 
studied and reported [2]-[4]. However, the microwave systems 
used are conventional in nature. 

A new system design approach in the area of microwave 
front-ends is to make use of the active antenna concept. 
In this approach, RF circuit functions are transferred to the 
antenna platform. High density integration of these circuits is 
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made possible by appropriate planar or multi-layered struc- 
tures. Thus, patch antennas can be integrated with microwave 
circuits on one substrate. The advantage of this approach is 
that transmitted RF power generation is distributed to each 
element of the antenna. This means that the system does not 
require complex and bulky waveguide structures for power 
combining/dividing. Furthermore, RF signal processing like 
frequency conversion can also be distributed to each element 
of the active antenna. Thus, the RF signal suffers less loss and 
may require less amplification. To date, active antenna system 
designs include not only power combining [5]-[6], but also 
beam-scanning [7]-[8]. 

Optical interaction has been demonstrated for single mi- 
crostrip patch antennas [9]. Recently, application of an optical 
link in an active phased array for beam-scanning has been 
reported [lo]. The optical interaction serves as a link and is 
passive in nature. However, this link can play an active role 
by providing some form of control functions, like adjusting 
phase delay [ 1 13, to the microwave system. 

In this paper, an attempt is made to demonstrate optical 
interaction with the active antenna systems, specifically the 
monopulse-type phased arrays. Both direct-modulated and 
gain-switched optical links will be implemented. In the direct- 
modulated link, a 2 x 2 phased array capable of beam- 
switching in both azimuth and elevation planes is used. The 
optical link carries a 6.6 GHz reference signal for injection- 
locking of the active antenna. In the gain-switched optical link, 
the nonlinearity of a gain-switched laser has been exploited as 
a frequency doubler. This is particularly attractive at millimeter 
wave frequencies as stable signal sources are difficult to 
implement and direct modulation of a millimeter wave signal 
to a laser is not trivial. As a proof of concept, an active 2 x 1 
Doppler transceiver operating at 6.5 GHz is used with a stable 
reference signal for injection-locking pumped into the optical 
link at 3.25 GHz. 

11. DESIGN 

A. System Configuration 

The conceptual system shown in Fig. 1 is used. The system 
consists of four subcircuits: 1) a laser diode to convert RF to an 
intensity-modulated optical signal, 2) a length of fiber to carry 
the modulated lightwave to the active antenna, 3) a high speed 

0018-9480/96$05.00 0 1996 IEEE 



CHEW et al.: USE OF DIRECT-MODULATEDIGAIN-SWITCHED OPTICAL LINKS 327 

2 X 1 DOPPLER 
TRANSCEIVER 

Y - Vl 

OPTICAL 

DFB LASER lSoLAToR PHOTODETECTOR 

_ - _ _ _ I  

2 X 2 BEAM 
SWITCHING ARRAY 

Fig. 1. Schematic diagram of the system setup. 

photodetector/amplifier subcircuit to recover the RF signal 
from the optical signal, and 4) the active antenna arrays, which 
are fed by the recovered RF signal for injection locking. 

B. Phase Control in Active Antenna 

For the active antenna designs in this paper, injection- 
locking is used to create the desired phase relationships among 
the antenna elements. Based on Kurokawa's theory [12], the 
phase difference between a free-running signal and an injected 
signal is related by 

where wf is the free-running frequency, wg is the injected 
signal frequency and 2 A w ,  is the locking bandwidth. From 
(l), a phase difference of h90" is possible by varying either 
the injection frequency or the free-running frequency. With an 
increase in injected power, 2 A w ,  also increases. 

In the active antennas used here, the phase difference is 
not varied continuously. Instead, the circuit switches between 
three phase difference states, namely A4  = +goo, -go", and 
0". This is achieved by tuning the free-running frequency of 
the oscillators. 

C. Direct-Modulated System 

Optical Circuit: In this setup, the RF-to-optical conversion 
is achieved by direct modulating a distributed feedback (DFB) 
laser. A DFB laser is preferred over the Fabry-Perot laser 
because it has better relative intensity noise (RIN) and hence 
better signal-to-noise ratio performance [ 131. By superimpos- 
ing the RF reference signal on the laser drive current, the light 
intensity can be modulated accordingly. Here, an InGaAsP- 
InP DFB laser, operating at 1.31 pm, is used. It is mounted 
on a coplanar waveguide which is impedance-matched to the 
50 R coaxial components. The threshold current and external 
quantum efficiency are 24 mA and 250 mW/A, respectively. 

It is noted that the 3 dB modulation bandwidth increases 
with the dc biasing current until the laser saturates at large 
biasing current. For the laser used here, the 3 dB modulation 
bandwidth is 16 GHz when biased at 60 mA. To convert the F S  
signal to an optical signal, the DFB laser is prebiased such that 

Fig. 2 
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the frequency response peaks at the RF operating frequency of 
6.6 GHz. The RF reference signal is then superimposed on the 
biasing current through a bias tee. The modulated lightwave 
is coupled by lenses into a three-meter long single mode fiber. 
An optical isolator is inserted between lenses to minimize 
reflections between them. At the receiving end, a high speed 
photodetector (HP 83440D) with a bandwidth of 34 GHz is 
used to detect and reconvert the optical signal into RF signal. 

When biased at 30 mA, the measured link efficiency is 
-32.9 dB at 6.6 GHz. This efficiency can be accounted for 
by the following expression [14] 

where RL is the equivalent resistance of the laser diode above 
threshold, RD is the photodiode's equivalent resistance, Q,D 

is the laser diodes slope efficiency, 770 is the photodiode's 
slope efficiency, t,,d is the fiber's optical transfer efficiency, 
PLB is the matching circuit loss of the laser diode, and p~ 
is the matching circuit loss of the photodetector. From (2), 
the major sources of the link loss are fiber coupling and laser 
diode's conversion efficiency. Slight impedance mismatch at 
both ends of the link also introduce some loss. The RIN of 
the laser is less than - 125 dB/Hz, which corresponds to a link 
noise figure better than 57 dB [14]. 

Amplifiers are used in the setup to increase the power level 
to a sufficient level for injection locking before pumping the 
signal into the active antenna system. 

Beam-Switching Active Phased Array: In this system, the 
array is designed with the capability of switching the antenna 
beam bidirectionally between sum and difference patterns in 
both the azimuth and elevation planes. Based on the 2 x 
2 phase array in Fig. 2, the desired phase relationships to 
synthesize the respective patterns are tabulated in Table I. 

The schematic diagram of the beam-switching array is 
shown in Fig. 3. The patch antenna serves both as a resonator 
as well as a radiator. The upper and lower quadrants are fed 
on the opposite sides of the patch antenna, resulting in 180" 
excitation. This layout is desirable as space is a constraint. 
Also, when the free-running frequencies of the oscillators are 
tuned to the reference frequency, a difference pattern is formed 
in the elevation plane. This means the phase relationship is 
stable, as compared to the free-running frequency tuned to 
the band-edge [ 151. However, this desired arrangement is not 
possible for the azimuth plane due to layout constraints. Thus, 
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Fig. 3. Schematic diagram of the beam-switching array. 

the phase relationship must be offset accordingly from that in 
Table I. Wilkinson power dividers are used to distribute the 
injected signal to each oscillator. 

This circuit is fabricated on substrate with = 2.33 
and thickness 30 mils. The isolation between the two output 
ports of the Wilkinson power divider is about 18 dB. The 
oscillators are designed using NEC72084 FET’s, self-biased 
at Id,  = 30 mA with vds = 3 V, operating at 6.6 GHz. The 
frequency is tuned via the drain bias and the tuning range is 
at least 40 MHz. The locking range is about 20 MHz. The 
antenna elements are spaced 0.7& at 6.6 GHz. 

D. Gain-Switching System 

Optical Circuit: In this setup, the gain-switched laser diode 
functions as a RF-to-optical converter as well as a RF fre- 
quency doubler. A multiquantum well InGaAs-InGaAsP dis- 
tributed feedback (DFB) laser, operating at 1.55 pm is used 
for gain-switching. The threshold current and extemal quan- 
tum efficiency of the DFB laser are 15 mA and 36 mA/W 
respectively. An SMA connector is in direct contact with 
the laser. Gain-switching is achieved by biasing it just above 
threshold and modulating its gain by a 3.25 GHz RF signal. 
The output of the gain-switched laser, in the time domain, is a 
train of optical pulses with a repetition rate of 3.25 GHz and an 
estimated pulse width of 30 ps. Its frequency spectrum consists 
of a fundamental signal at 3.25 GHz and a series of higher 
order harmonics. The modulated optical signal is transmitted 
through a single mode optical fiber. At the receiver’s end, a 
high speed photodetector is used for optical-to-RF conversion. 
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DIFFERENCE SUM 

Fig. 4. Schematic diagram of the Doppler tranceiver array 

The second harmonic component at 6.5 GHz is extracted with 
a RF filter, and then amplified for injection locking. The optical 
link conversion efficiency, which we define here as the ratio 
of the average power of the second harmonic component at 
6.5 GHz detected by the photodetector to the average power of 
the modulating signal at 3.25 GHz, is approximately -48 dB. 
This conversion efficiency can be improved with better optical 
coupling and impedance matching to the coaxial components. 
Full quantitative analysis of the link efficiency and noise figure 
requires further investigation. 

Doppler Transceiver: The microwave subsystem is a 2 x 
1 active antenna array, as shown in Fig. 4. The phased array 
functions as a transceiver. The transmitter generates RF power 
quasi-optically. When the transmitted signal is reflected from 
a moving target, a Doppler shifted signal is returned. When 
received by the phased array, a self-oscillating mixer is used 
to produce an IF output signal at the Doppler frequency. 

The patch antenna is used as the radiating element as well as 
the resonator for the oscillator element. The NEC72084 FET 
is used as the active device in the oscillator/mixer design. The 
MESFET is biased at vds = 3 V and I d s  = 30 mA. This bias 
condition is used for higher oscillating signal power and not 
for optimum mixing condition. Thus, the mixer performance 
has been compromised. 

To ensure effective quasi-optical power combination at 
broadside, the oscillating signal of each element in the array 
must be in-phase. In-phase oscillation of each element also 
allows the phase relationship among the RF signals of the array 
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to be maintained in the IF. This synchronization is achieved 
through injection-locking. To reduce circuit complexity, only 
one antenna is used at the drain of the MESFET to allow higher 
power to be transmitted. Since the RF signal is pumped into 
the drain the conversion loss is expected to be lower than that 
pumped into the gate of the MESFET. The IF signal is tapped 
through a transformer at the drain bias circuit. 

To provide direction tracking, the monopulse concept is 
used at IF by using a Oo/1800 planar drop-in power divider 
to generate the sum and difference channels. When both IF 
signals from each antenna element are fed into the E and 
H ports of the power divider simultaneously, the sum and 
difference channels are synthesized. Both channels are then 
amplified externally. With both sum and difference signals, an 
error voltage can be generated which is used for tracking. 

111. RESULTS 
The measured sum and difference patterns of the beam- 

switching array in the azimuth plane are shown in Fig 5. 
The measured patterns agree well with that calculated from 
a simple transmission-line model. There is a difference in 
the power level of the peaks in the difference pattern. This 
is because when the oscillators are tuned to different free- 
running frequencies for the desired phase relationship, the 
locked output signal power of each oscillator is different. 
Another reason is that as frequency tuning is achieved through 
drain bias, there is a variation of RF power. The measured 
patterns in the elevation plane of the beam-switching array are 
shown in Fig. 6. Both patterns suffer slight distortion, due to 
radiation from the rest of the circuit. This can be eliminated by 
using a multi-layered structure. Also, possible mutual coupling 
among the elements can create the distortion. 

In general, when operating at the frequency band-edge, 
stability is an issue. One way to resolve this problem is to allow 
the circuit not to operate at the band-edge and additional phase 
shift is used either with delay lines or active phase shifters. 

As for the Doppler transceiver, the measured oscillation 
frequency is 6.5 GHz. Fig. 7 shows the measured transmit 
antenna pattern. The sum and difference channels are then 
measured with a signal radiating at broadside to simulate the 
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Fig. 7. Measured transmit pattem of the Doppler tranceiver array. 

Doppler frequency shift. A Doppler frequency shift of 5 MHz 
is used here to test the system as the Oo/1800 power divider 
has a lower band-edge frequency of 5 MHz. It is recognized 
that the Doppler frequency shift is much lower than 5 MHz. 
The power divider is chosen out of availability and does 
not affect the principle of operation. The measured receiver 
patterns of the sum and difference channels are shown in 
Fig. 8. As the radiated power is concentrated within & 4 5 O ,  
only data within that range are presented. There is a slight 
asymmetry in all the measured patterns. This is due to poor 
asymmetric mixer performance and phase imbalance in the 
injection-locking and the Oo/1800 power divider. This can be 
corrected by introducing active phase shifters into the circuit 
for fine tuning. 

IV. CONCLUSION 

In this paper, integration of an optical subsystem with 
RF monopulse-type active antenna phased arrays has been 
demonstrated. An optical reference signal has been transmitted 
via a fiber link to the RF active antenna arrays. Both direct- 
modulated and gain-switched optical links are implemented 
with beam-switching and Doppler transceiver antenna arrays 
respectively. The gain-switched optical link functions as a 
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IF. 

frequency doubler in the system. For higher frequency ap- 
plications, e.g., 94 GHz, the higher harmonics of a monolithic 
mode-locked laser can be used instead. Indeed, with the use of 
optical link, the system noise figure is higher compared with 
that of a microwave link. Also, due to the link loss, larger 
amplification is required to boost the recovered RF to a level 
sufficient for injection locking. 
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