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Laser Linewidth Requirements and Improvements for 
Coherent Optical Beam Forming Networks in 

Satellitec 
Ulrik Gliese, Erik Lintz Christensen, and Kristian E. Stubkjzr,  Member, ZEEE 

Abstract-A coherent optical beam forming network princi- 
ple using phase-locked semiconductor lasers as sources is pre- 
sented. For this scheme the spectral purity of the intermediate 
frequency derived from mixing the signals from two semicon- 
ductor lasers is considered and the relationship between the 
linewidths of the lasers in a satellite transmitter and the phase 
error at the detector of a microwave differential quaternary 
phase-shift keying earth station receiver is analyzed. The de- 
mands placed on the linewidths from the point of view of phase 
stability requirements are calculated for coherent optical beam 
forming networks using quaternary phase-shift keying modu- 
lation at data rates of 33 and 131 Mb/s as examples. Further- 
more, it is shown that a substantial improvement in perfor- 
mance can be achieved when phase locking the two lasers to 
each other is feasible. 

I. INTRODUCTION 
UTURE satellite antennas are required to offer a large F number of shaped, reconfigurable, and repositionable 

beams for various earth stations and mobile receivers. 
These antennas might be implemented as active phased 
array antennas based on a large number of active micro- 
wave array elements. Unfortunately such antennas tend to 
be bulky and costly but as the microwave monolithic in- 
tegrated circuits (MMIC) technology develops, these 
problems will be greatly reduced. 

The patterns of the radiated antenna beams are deter- 
mined by the amplitude and the phase of the current in 
each antenna element. Therefore, it is necessary to use 
some sort of beam forming network which can feed each 
antenna subarray element individually with the proper 
amplitude and phase. This type of signal distribution is a 
challenging task and conventional feeds using wave- 
guides or coaxial cables will not be feasible for antennas 
with a large number of beams. Waveguides offer low loss 
and good phase accuracy but they are bulky and heavy. 
Coaxial cables are more flexible and fairly lightweight but 
they have high insertion losses and poor phase accuracy 
compared to the waveguides. By contrast fiber-optic links 
offer an attractive solution for the distribution of the sig- 
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nals in a phased array antenna system. Optical fibers are 
small, flexible, lightweight, and practically immune to 
electromagnetic interference. Furthermore, they have 
negligible losses, good phase accuracy, and very large 
bandwidths. Amplitude accuracy in a fiber-optic network 
will be dependent on the accuracy of the coupling ratios. 
Therefore, the fiber couplers in the network must be care- 
fully selected. 

The functions of the fiber-optic distribution network 
are: distribution and transmission of the communication 
signal, distribution of the phase and frequency reference, 
and beam control. These functions can all be achieved in 
one fiber-optic network; an optical beam forming network 
(OBFN). Various experiments consider fiber-optic distri- 
bution links by direct detection methods [ 11-131, OBFN’s 
by direct detection methods [4]-[6], and OBFN’s by co- 
herent methods using injection locked lasers [7]-[lo] or 
frequency shifting [ 111. For direct detection techniques, 
the lasers employed need to have a modulation bandwidth 
corresponding to the microwave frequency of the com- 

iunication signal carrier (here 12.5 GHz). This is very 
difficult to obtain especially when high phase accuracy is 
required. 

Coherent techniques seem attractive for a number of 
reasons. It is possible to obtain a better carrier to noise 
( U N )  performance with coherent schemes than with di- 
rect detection schemes. This results in a better power bud- 
get which allows for more arrays or fewer laser transmit- 
ter modules. Furthermore, the generated microwave 
frequency at the antenna can easily be tuned by simply 
tuning one of the two lasers employed. Finally, coherent 
techniques give greater possibilities for optical control and 
optical processing. 

The paper focuses on one of the important constraints, 
namely the laser linewidth and the paper is outlined as 
follows. In Section I1 the principle of the coherent OBFN 
is described together with power budget calculations for 
the network. The requirements for laser linewidth are de- 
rived in Section I11 which leads to Section IV where the 
improvements obtained by using a phase locked loop are 
analyzed. In Section V limitations on the implementation 
of phase locked loops are considered. Finally in Section 
VI, some conclusions are drawn. 
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Fibre network Subarrays 11. COHERENT OPTICAL BEAM FORMING 
R laser 

The basic idea behind coherent optical beam forming is 
the generation of the microwave carrier by the beating of 
two lasers. The microwave signal phase stability require- 
ments are very high since the signals must comply with 
existing microwave earth station receivers. As an exam- 
ple, the requirements in a microwave differential quater- 

VCo’aser 

nary phase-shift keying (DQPSK) receiver is a maximum 
rms differential phase error of 2.8 O [ 121. To generate 
such a stable microwave carrier by beating two coherent 
optical sources, it is necessary to use very stable lasers. 
The requirements placed on the laser linewidths will be 
derived in this paper and it will be shown that stabilization 
techniques have to be used unless very narrow linewidth 
lasers are used. 

The lasers of interest for a satellite-based system are 
Nd : YAG lasers, external cavity lasers, and distributed 
feedback (DFB) semiconductor lasers or the like. The two 
first types of lasers have very narrow linewidths and the 
stabilization requirements are not as stringent as for DFB 
lasers. On the other hand, they consume more power and 
are larger in size than DFB lasers. Furthermore, external 
cavity lasers require high mechanical stability, a condi- 
tion which is difficult to fulfill in satellites. Finally, DFB 
lasers also have the advantage of potential optoelectronic 
integration. 

For stabilization of semiconductor lasers, either optical 
techniques, i.e., injection locking [7]-[ 101 or electronic 
techniques, i.e., frequency or phase locking [ 131-1 151 can 
be applied. Optical techniques, however, are likely to be 
the less reliable of the two due to problems with mechan- 
ical stability. 

We propose a coherent OBFN using phase-locked DFB 
lasers as the optical sources. A schematic diagram of the 
coherent OBFN is given in Fig. 1. For simplicity the con- 
figuration shown considers only the transmission of one 
antenna beam. The coherent OBFN can be divided into 
four main modules. 

1) The transmitter module, which supplies the optical 
signals, consists of two phase-locked DFB lasers. The 
phase-locked loop (PLL) is a heterodyne optical PLL, 
i.e., the two DFB lasers are locked to a reference micro- 
wave source oscillating at the microwave carrier fre- 
quency. This ensures that the beat frequency of the two 
lasers is fixed at the microwave carrier frequency. Fur- 
thermore, the PLL greatly reduces the phase noise of the 
laser beat signal so that a phase stable microwave signal 
at the antenna is obtained. 

2) The modulator module, where the transmitter laser 
signal is fed to an optical phase modulator which is driven 
by the data input signal. The modulation scheme can be 
QPSK modulation, e.g., at bit rates of 33 or 131 Mb/s  
which are two of the formats used in microwave satellite 
links. 

3) The beam forming network, where both the modu- 
lated transmitter laser signal and the signal from the volt- 

= F(s) Reference source L & p  
Phase detector 

Fig. 1. Schematic of a coherent optical beam forming network (OBFN) 
consisting of an optical phase-locked transmitter module, an optical phase 
modulator, a fiber-optic distribution network, and an active phased array 
antenna with n subarrays. 

age controlled oscillator (VCO) laser are distributed to the 
antenna elements by the fiber-optic distribution network. 
Beam forming and beam steering are accomplished opti- 
cally in the fiber network. The phase of the microwave 
signals at the antenna elements is controlled by applying 
the proper delays ( A t l ,  At2,  * * , At,) individually in all 
the fiber arms. This can either be a static adjustment 
whereby the fibers are adjusted to specific lengths giving 
true time delay (TTD) [5], [16] or a variable microwave 
phase adjustment by the use of variable optical delays. 
Proposals for such variable optical delays have been pre- 
sented [4], [9]-[ 113. However, the implementation of 
variable optical delays with sufficient delay is very diffi- 
cult. Therefore, the proposed OBFN architecture is lim- 
ited to static beams until useful variable optical delays are 
realized. 
4) The active phased array antenna consists of n sub- 

arrays from which the microwave communication signal 
is radiated. Each subarray consists of a front end, an am- 
plifier chain, and a number of radiating array elements. 
The front ends are based on p-i-n photodiodes since they 
are faster than Avalanche photodiodes (APD’s). The 
phase and amplitude regulated transmitter laser and VCO 
laser optical signals are detected with the front ends in 
each subarray thereby generating the modulated micro- 
wave signal as the beat signal of the two optical signals. 

For the coherent detection method, the polarizations of 
the two optical signals have to be alike. That can be en- 
sured by the use of polarization preserving fibers and op- 
tical components or by the use of polarization controllers. 
It is also possible to use more advanced receivers such as 
polarization diversity receivers but at the price of far more 
complex electronics at the antenna interface which is lo- 
cated in a harsh environment. 

The number of subarrays that can be fed from one 
transmitter module is determined by the laser’s optical 
output power, the laser’s relative intensity noise (RIN), 
and the thermal noise of the front ends. Subsequently, we 

Authorized licensed use limited to: Danmarks Tekniske Informationscenter. Downloaded on November 6, 2009 at 08:35 from IEEE Xplore.  Restrictions apply. 



GLIESE et al.: LASER LINEWIDTH REQUIREMENTS AND IMPROVEMENTS 781 

have derived the maximum number of subarrays per trans- 
mitter module as 

(1) 
where Po,, is the output power (in dBm) from each laser 
at the entry of the fiber network which is assumed to be 
implemented with 3-dB couplers. P is the received power 
(in dBm from each laser) required at the detectors to ob- 
tain a specific camer-to-noise ratio at the output of the 
front ends. Here it is presumed that the output powers 
from each of the two lasers are equal. The expression for 
the power P is derived from the carrier-to-noise density 
ratio (C/No) given by 

= 2(Pw-P)/3dB 

df ' df ' df 
where I:o is the detected photo current, d ( i & ) / d f i s  the 
equivalent input noise spectral density of the relative in- 
tensity noise, d ( i i )  /d f  is the equivalent input noise spec- 
tral density of the quantum shot noise, and d(  i f )  /d f  is 
the equivalent input noise spectral density of the front 
ends. The C/No is then given by: 

2R2P2 
C/No = (3) d( i 2 )  

2R2 FUN P 2  + 4RqP + 
df 

where R is the responsivity of the photodiodes, RIN is the 
relative intensity noise of each laser, and q is the electron 
charge. P can then be isolated from ( 3 )  as 

most critical aspect of the coherent OBFN is the require- 
ments for laser stability, as will be clarified in the next 
section. 

111. LASER LINEWIDTH REQUIREMENTS 

The properties of the laser transmitter module are very 
important due to the strict demands on phase stability of 
the transmitted microwave signal. The impact of laser 
phase noise on the bit-error-rate (BER) performance of 
coherent optical communication systems has been inves- 
tigated and is well understood 1171-[24]. However, the 
demands placed on the laser linewidths from the point of 
view of phase stability in a coherent OBFN has not yet 
been treated in the literature. To assess the influence of 
laser linewidth we start the derivation based on a standard 
microwave receiver. 

A .  The Differential Phase Fluctuation Spectrum 

The transmitted microwave signal from the satellite is 
detected by a microwave communication receiver such as 
a DQPSK receiver using a differential phase detector with 
a delay 7 equal to the symbol time T, c.f . ,  Fig. 2. 

In this type of system the total double sideband rms 
differential phase error aAm between two symbols may not 
exceed uA+ = 2.8" 1121. The reason for this stringent 
specification to carrier phase noise is to keep the sensitiv- 
ity degradation due to phase noise at a minimum since 
transmitter power from a satellite is extremely expensive. 

The maximum number of subarrays per transmitter mod- 
ule can now be calculated by inserting (4) into ( 1 )  and as 
an example, it is possible to feed 256 subarrays per trans- 
mitter module when the C/No demand is 110 dB/Hz. For 
this example we use lasers with an output power of Po,, 
= 0 dBm and a relative intensity noise RIN of -120 
dB/Hz, photodetectors with a responsivity R of 0.8 and 
front ends with an equivalent input noise spectral density 
d ( i : ) / d f  of (10  PA/&)^. Furthermore, the fiber net- 
work is assumed ideal without losses. This large number 
of subarrays indicates that, if desirable, it is possible to 
feed even a large active phased array antenna by only one 
laser transmitter module. If a number of transmitter mod- 
ules are needed they must all be locked to the same 
microwave reference source. 

As shown above, the coherent OBFN is a very inter- 
esting and promising candidate for use as a beam forming 
network for active phased array antennas in satellites. The 

The single sideband differential phase fluctuation spec- 
trum SA+( f) is given by 1251 

( 1  - cos 2afT) S,,(f) = 2 * - * 
S f ( f  1 
f 2  

- - 4 . - .  "(') sin2 a f T. 
f 2  

Here Sf( f) is the single sideband frequency fluctuation 
spectrum of the microwave signal generated by the lasers 
in the transmitter module, f is the frequency offset from 
the carrier, and T i s  the symbol time. 

By using the relationship given in ( 5 ) ,  a realistic shape 
of the spectrum Sf( f) can be taken into account. It is 
known that semiconductor lasers have a non-Lorentzian 
line shape with a frequency fluctuation spectrum contain- 
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integral part of the demodulator itself (c.f. Fig. 2). The 
best filter, i.e., the matched filter, for detection of a 
square-wave modulated signal in the presence of white 
(thermal) noise is an integrator with an integration time 
equal to the symbol duration, T [31]. This filter has a 
sin ( x ) / x  transfer function in the frequency domain and 
since phase modulation is under consideration here, the 
phase spectrum should be multiplied with that transfer 
function. Consequently, the differential phase fluctuations 
after the filter will be 

Fig. 2. DQPSK microwave receiver principle. 

ing a peak at a frequency corresponding to the laser re- 
laxation resonance frequency [26]-[29]. The influence of 
this high-frequency peak is determined by its position and 
energy. In DFB lasers biased well above threshold (as will 
be the case in real systems) the relaxation resonance ap- 
pears at a frequency of several gigahertz and the energy 
of the peak is very small [28], [29]. Due to the low bit 
rates used in satellite links, the peak in the frequency fluc- 
tuation spectrum S'( f )  is assumed to have no significant 
influence on system behavior. Therefore a Lorentzian line 
shape with a white frequency fluctuation spectrum is as- 
sumed and the single-sideband frequency fluctuation 
spectrum will then be [ 181 

where A V  is the 3-dB linewidth of the microwave carrier 
generated by the transmitter module, i.e., the sum of the 
linewidths of the two lasers. 

B. RMS Differential Phase Error and Laser Linewidth 
Requirements 

By relating the rms differential phase error in the re- 
ceiver to the phase noise of the lasers in the transmitter 
module, it is possible to calculate the maximum allowable 
linewidths. Knowing the spectrum from ( 5 )  and (6) makes 
the derivation of the total double sideband rms differential 
phase error uA6 due to the lasers straightforward since the 
integrals may be found directly from [30] 

(OA$l2 = iom s A $ ( f )  df 

4.f 
= 4 S m A v - -  sin2 n u  

nf 

= 4TAu som (%)* dr 
= 2aTAv. (7) 

= 4TAv som (Fr dr 

4 
3 

= - TTAv.  

Please note that the signal transfer function H,( f )  of 
the IF filter acts on the signal spectrum and not the phase 
spectrum. Therefore, the shape of the IF filter signal 
transfer function H,( f )  is not readily calculated. How- 
ever, as long as the phase-noise modulation index is small, 
the signal transfer function H,( f )  of the filter is identical 
to the phase transfer function H,( f ). This aspect is dis- 
cussed further in Appendix A. Finally, it should also be 
noted that real signals and filters will deviate from this 
idealized model for many reasons including practical lim- 
itations. 

The specifications for carrier phase fluctuations in a mi- 
crowave link are usually set at the output of the transmit- 
ter. However, the spectrum of a phase stable microwave 
oscillator will not be influenced by the receiver filter due 
to the very low amount of phase noise so the same per- 
formance would be observed at the demodulator input. 
This situation is different for an optically generated mi- 
crowave carrier because of the high amount of phase 
noise. The overall system performance can be achieved 
as required even if the transmitter phase noise (7) is 
slightly too high provided the phase noise at the demod- 
ulator input is as specified (8). Therefore, if the transmit- 
ter carrier must comply with the specifications for rms 
differential phase error given by (7) then the beat signal 
linewidth requirement is 

(9) 

but if the carrier specifications may be applied after the 
IF filter at the input of the demodulator then the beat sig- 
nal linewidth requirement is found from (8) 

Usually, a microwave receiver will have an IF filter in 
front of the demodulator (to reduce thermal noise and in- 
terference) and, furthermore, a post detection filter as an 

where Rb is the bit rate for the QPSK signal. The rms 
differential phase error in the receiver may not exceed 2.8" 
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TABLE I 
TOTAL LASER LINEWIDTH REQUIREMENTS IN COHERENT 

OBFN's 

Required Linewidth in kHz 

QPSK Bit Rate l o  rms 2 "  rms 
Mb/s Phase Error Phase Error 

33 
131 

1.2 
4.8 

4.8 
19.0 

(c.f. Section 111-A). This requirement is given for the rms 
differential phase error generated by the total amount of 
phase noise in the transmitter system. Leaving a margii 
for the rest of the phase-noise sources in the complete 
OBFN, the maximum rms differential phase error gener- 
ated by the transmitter module should be within 1-2 de- 
grees. Inserted into (IO) this leads to the total laser line- 
width requirements listed in Table I. 

IV. IMPROVEMENTS BY USING PHASE-LOCKED LOOPS 
The requirements for the linewidth of the lasers are not 

easily fulfilled with free running semiconductor lasers. 

In order to estimate the upper limit of the phase-noise re- 
duction that can be obtained by using a PLL in the trans- 
mitter, the maximum theoretical PNR is calculated. 
PNR,,, is obtained for a loop that removes all the phase 
noise below the loop bandwidth f, T and is given by 

B. Phase-Noise Reductions Obtained by the Use of 
Phase-Locked Loops 

The effect of a frequency or phase-locked loop may be 
calculated by multiplying the noise spectrum with the 
square of the modulus of the PLL error function before 
the calculation of the rms value of the differential phase 
fluctuations. The modulus squared of the error functions 
of a first-order PLL and a second-order critical damped 
PLL are given by (c.f. Appendix B) 

However, since the phase-noise requirement applies to the 
frequency difference between two lasers, rather than for 
each laser individually, it is obvious that phase locking of 
the two lasers to each other, as shown in Fig. 1 ,  Section 
11, should be considered. 

A .  Maximum Theoretical Phase-Noise Reduction Limit 
When the two lasers in the transmitter are phase locked 

to each other, the phase fluctuations of the difference fre- 
quency will be modified by the transfer function of the 
locking loop. We define the phase-noise reduction (PNR) 
as the ratio between the amount of phase noise when no 
phase-locked loop (PLL) is present and the amount of 
phase noise when a PLL with a normalized bandwidth of 
f ,  T is used 

PNR = 
Phase noise without PLL 

Phase noise with PLL(J1 T )  
- - (0A$J2 

(uA,&LL(fzn ' 

(1 1) 
Heref, is the open loop zero decibel frequency as defined 
in Appendix B and Tis the symbol duration. By inserting 
(8) into (1 1) we get 

4aAvT 
PNR = 

3(uA$)PLL(f,7J ' 

respectively. The variable A is given by A = ~ f ,  T and 
Rbrd is the normalized loop propagation delay. When 
phase locking the lasers to each other we find from (8), 
(14) ,  and (15) the differential phase fluctuations 

Inserting (16) into (12)  gives the phase-noise reduction 
achieved (after the receiver IF  filter) with PLL's 

Numerical integration for different values off, T then gives 
the values for the phase-noise reduction PNR of ( C J ~ + ) ~  

relative to the value for free-running lasers. The PNR,,, 
and the PNR for ideal first- and second-order loops are 
shown versus f, T in Fig. 3.  It should be noticed that the 
influence of the loop propagation delay has been ne- 
glected (i.e., r d  = 0). The nonideal situation where 7d > 
0 will be treated in the following section. 

From Fig. 3 it can be seen that the first- and second- 
order PLL's give almost the same phase-noise reduction 
for low loop bandwidths. Furthermore, the first-order loop 
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P N R  
10 

l o 4  

l o 3  

10 * 
10 

bandwidth, and laser linewidth have a large influence on 
PLL performance as will be discussed in this section. 

A. InJl’uence of Loop Propagation Delay 
In Section IV-B the PNR of (aaJ2 in the microwave 

receiver was calculated for ideal first- and second-order 
loops neglecting the loop propagation delay 7 d  (i.e., 7 d  = 

.2 .4 .6 .8 2 4 6 E l 0  0). However, for broad-band PLL’s, the loop propagation 
delay r,, has a large influence on loop stability and per- 

1 

f T  
11. 

f o k a n c e  [34]. A; the frequency where the phase of the 
open loop transfer function G ( j w )  (c.f. Appendix B) 

Fig. 3.  Phase-noise reduction as a function of normalized loop bandwidth 
(7$ = 0). 

is slightly better for low loop bandwidths. This is due to 
the second-order loop’s noise enhancement close to f, 
[32], [33]. The noise enhancement is determined by the 
damping factor (here = l/h, c.f. Appendix B). The 
larger the damping factor, the closer the PNR of the sec- 
ond-order loop would be to the PNR of the first-order loqp 
both for low and high loop bandwidths. These results in- 
dicate that the second-order PLL should only be used in 
the high bandwidth cases. Furthermore, there is a sub- 
stantial difference between the maximum theoretical 
phase-noise reduction limit and the phase-noise reduction 
obtained using first- and second-order PLL’s. This im- 
plies that even larger reductions may be obtained using 
higher order PLL’s. Unfortunately, these are even more 
difficult to implement than the first- and second-order 
PLL’s. 

equals 7r 

LG( j* )  = -7r (19) 

IG(j*)l < 1 .  (20) 

it is - .  required for stability that [321, [331 

Equations (19) and (20) results in the following condition 
for absolute stability. For a first-order loop we find 

T 1 0.25 
Td < - = - = - 

2% 4f, f ,  
and normalization with respect to the bit rate gives 

For the second-order described here (c.f. Appendix B) we 
find, as also derived in [34] 

(23) 
Knowing the phase-noise reduction, it is possible to 

calculate the beat signal linewidth requirement (sum of 
laser linewidths) for a given amount of differential phase 
fluctuations (a,+)2 in the receiver when using a PLL in the 
transmitter module. The requirement is found by multi- 
plying A v in (10) by the PNR 

0.736 
7 d  < -. 

*n 

Inserting the natural angular frequency *n for the c*ti- 
c a b  damped loop (c.f. Appendix B) gives 

0.736- 0.736- 0.182 
(24) -- - - 3 - 

8a AVPLL I A V  PNR = - (Ua,+)2Rb PNR. (18) 7d < *Z 2af, f, 

Even though the largest amount of phase noise is removed 
by suppressing the phase deviations at the lower frequen- 
cies, the results show that the loop bandwidth cannot be 
much smaller than 1 / T for which the phase-noise reduc- 
tion is approximately 20. Consequently, PLL’s with loop 
bandwidths f, of 2 / T( = Rb) or more are considered to be 
the best for use in a coherent OBFN transmitter module 
with semiconductor lasers. 

V. CONSIDERATIONS ON IMPLEMENTATION OF PHASE- 
LOCKED LOOPS 

Although a phase-locked loop reduces the phase noise 
significantly at low frequencies, the reduction drops to 
unity near the frequency of zero decibel open-loop gain, 
f , ,  and the phase noise above that frequency remains un- 
changed by the loop. Close tof, the phase noise may be 
enhanced by the, loop [32], [33] thus making a careful 
loop design very important. Factors such as propagation 
delay, PLL phase-error variance (a,&2, shot noise, loop 

and normalization with respect to the bit rate gives 

0.364 
Rb?d - 

f , T .  

Equations (21), (22), (24), and (25) express the limit of 
7 d  for stable loop operation. 

Knowing the limit of 7,1 makes it possible to calculate 
the PNR of ( u ~ , + ) ~  in the microwave receiver for different 
values of Rbrd using (14), ( 1 3 ,  and (17). The results are 
shown for the first-order loop in Fig. 4 and for the second- 
order loop in Fig. 5. 

From the curves it is obvious that the loop propagation 
delay has a large influence on the phase-noise reduction 
PNR obtained with broad-band PLL’s and therefore can- 
not be neglected. The limits of rd are most severe for the 
second-order loop as seen in Figs. 4 and 5 and from (22) 
and (25). However, for PNR’s greater than 100, the sec- 
ond-order loop may still be the best choice since the loop 
bandwidth required is smaller than for a first-order loop. 

- 
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PNR . 

1 810 .2 .4 .6 .6 

fzT 

Fig. 4. Phase-noise reduction obtained with a first-order loop as a function 
of normalized loop bandwidth for different values of normalized time 
delay. 

1 810 o.l .2 .4 .6 .8 

0 022 

f,T 

Fig. 5. Phase-noise reduction obtained with a second-order loop as a func- 
tion of normalized loop bandwidth for different values of normalized time 
delay. 

It should be noted that the point where some of the 
curves reach a dip at high f, T corresponds to the point of 
instability. Furthermore, the bandwidth& T should be kept 
below the point where the PNR reaches its maximum. Be- 
yond this point, the phase margin in the loop is so small 
that the probability of unlocking and instability is very 
large. 

The linewidth requirements for a given amount of dif- 
ferential phase fluctuations (aam)2 in the microwave re- 
ceiver can now be calculated from (1 8) when using a first- 
or a second-order PLL in the transmitter module of the 
coherent OBFN. A YPLL is calculated for a given loop as a 
function of normalized loop bandwidth fi T and normal- 
ized loop propagation delay Rbrd. 

In addition to the requirements for the differential phase 
fluctuations (aAJ2, the total laser linewidth has to be be- 

also by the frequency translated shot noise 13.51. Assum- 
ing linear PLL analysis as in this paper the (a+)2 is given 
by 1351 

where H ( j 2 n f )  is the PLL transfer function and 1 - 
H ( j 2 a f )  is the PLL error function (c.f. Appendix B). 
Sm( f )  is the single sideband phase fluctuation spectrum, 
Sq( f )  is the single sideband quantum shot-noise spectrum 
and K ,  is the conversion gain of the front end and the 
phase detector in the PLL (c.f. Fig. 7). However, since 
the optical input power is large in a coherent OBFN PLL 
transmitter module the shot noise will have negligible ef- 
fect on the phase-error variance which is then given by 

Although not shown explicitly, the linear analysis is valid 
for the calculations in this paper. For the laser linewidths 
considered (order of megahertz) (am)2 is well below 0.25 
but even though (am)2 is small there is still a finite prob- 
ability for loss of lock. 

C. Linewidth Requirements for Stable Locked Loop 
Operation 

Even though the PLL operates in the linear region a 
finite probability exists that a noise-induced phase excur- 
sion will throw the loop out of lock causing the VCO laser 
to slip one or more cycles. The average time between such 
events, assuming zero mean phase error, can be approx- 
imated by [32], 1331, [36] 

2 /(ad2 

TA" G (28) 

Inserting (27) into (28) and separating with respect to the 
beat signal linewidth A u we find 

This equation can be used to calculate the maximum al- 
lowable total laser linewidth for a given average time to 

given loop bandwidthhe 
Using the expressions for the transfer function and the 

error function given in Appendix B we have calculated 
A by numerical integration. The results are shown in ~ i ~ .  
6 for a second-order loop since this is considered the most 
promising. An average time to cycle slip of TAY = 10 

low a certain value to ensure stable locked loop operation. 

has to be low enough to ensure stable-locked loop oper- 
ation. 

B. PLL Phase-Error Vuriance and Shot-Noise Influence 
The phase-error variance (am)2 in an optical PLL (c.f. 

Fig. 7 ,  Appendix B) is determined not only by the laser 

In Other words, the phase-error variance (am>2 in the loop cycle slip TA", a given loop propagation delay 7d, and a 
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Td [PSI 

Fig. 6.  Laser linewidth demand for stable locked loop operation as a func- 
tion of propagation delay and loop bandwidth for an average time to cycle 
slip of 10 years. 

years was selected, a value sufficient to give reliable op- 
eration in practical systems. The demands for laser line- 
width given by (31) would be less demanding for the first- 
order loop. 

We now have two linewidth requirements. The first re- 
quirement, which is given by (1 8) and the PNR in Fig. 5 ,  
yields the maximum linewidth allowable to obtain a given 
amount of differential phase fluctuations (oAJ2 in the earth 
station microwave DQPSK receiver. The second require- 
ment, which is given by (31) and Fig. 6,  yields the max- 
imum linewidth allowable to obtain stable locked loop op- 
eration with a given average time to cycle slip TAv, i .e. ,  
a phase-error variance (om)2 in the PLL that is small 
enough. The total linewidth of the lasers in the PLL trans- 
mitter module has to fulfill the most restrictive of the two 
requirements mentioned above. 

D. A Numerical Example 
The use of a PLL in the transmitter module of the co- 

herent OBFN makes it possible to fulfill the demands 
placed on and thereby on the sum of the laser line- 
widths. The linewidths required when using phase-locked 
loops are within the range of linewidths reported for semi- 
conductor lasers. For DFB lasers, linewidths of approxi- 
mately 1 MHz are state of the art [37] and linewidths as 
low as 250 kHz have been reported [38]. For multielec- 
trode DFB lasers with uniform frequency response, line- 
widths in the order of a few megahertz have been reported 
[39]-[41]. 

For the system used as an example here, we focus on 
the high (131 Mb/s) data rate. The rms differential phase 
error oA4 should be within 1-2" and the system has to be 
implemented with existing lasers, i.e., lasers with line- 
widths in the order of megahertz. From the linewidth re- 
quirements in Table I and (18) we find that a PNR of 
around 1000 is needed to fulfill the demands. Looking at 
Fig. 3, a broad-band second-order PLL seems the most 
obvious choice in order to obtain the needed PNR. Sub- 
sequently, from Fig. 5, we may choose a loop bandwidth 
off, T = 4 (f, = 262 MHz). Allowing for a loop propa- 
gation delay of Rbrd = 0.044 ( T ~  = 330 ps, TdCo = 10 

cm) gives a PNR = 890 whereby the phase-noise require- 
ments can be fulfilled using lasers with linewidths in the 
order of a few megahertz. Calculating the linewidth re- 
quirement from (1 8) we find that the total laser linewidth 
should be below 4.2 MHz to obtain IT,, = 1" and below 
17 MHz to obtain uA+ = 2". Finally, it is necessary to 
ensure that the PLL operates as a stable locked loop. From 
Fig. 6 we see that for& = 262 MHz and ~~c~ = 10 cm, 
the total linewidth should be within 10 MHz which will 
result in oA4 = 1.5". The above calculations show that 
the maximum total laser linewidth should be within 4-10 
MHz, permitting a maximum linewidth within 2-5 MHz 
for each laser. 

The implementation of the PLL is challenging since the 
physical (free space) length of the loop's electronic and 
optical signal path could be no longer than 10 cm. To 
ensure a stable operation of the PLL, it is therefore nec- 
essary to use microoptics and small electronic circuitry 
with very short time delays. 

VI. CONCLUSION 

The principles and advantages of a coherent OBFN for 
use in satellites with active phased array antennas has been 
outlined together with a power budget estimation for the 
OBFN. 

Based on the assumption of a white frequency fluctua- 
tion spectrum for the lasers, the rms differential phase 
fluctuations at the demodulator of a DQPSK microwave 
receiver have been calculated when fed from such a sys- 
tem. From this, the requirement for laser linewidth has 
been deduced for QPSK modulation schemes to fulfill 
specifications for rms differential phase errors. 

The requirements for laser linewidth prove very diffi- 
cult to meet with existing free-running semiconductor las- 
ers. However, the requirements are significantly reduced 
by stabilizing the frequency difference between the two 
lasers of the transmitter module by the use of PLL's, and 
the phase-noise reduction has been calculated taking the 
loop propagation delay into account. In addition, the in- 
fluence of shot noise has been evaluated and a criterion 
for stable locked loop operation has been derived. It was 
shown that a PLL enables the use of lasers with linewidths 
of up to a few megahertz. Such lasers have been reported 
and may be commercially available in the near future. 

In conclusion; coherent OBFN's seem a realistic ap- 
proach to beam forming in future advanced satellite com- 
munication systems with active phased array antennas. 
They show a far better power budget than other types of 
OBFN's and the use of coherent optical techniques open 
possibilities for effective optical control and optical pro- 
cessing. Optical techniques provide the advantage of low 
weight, small size, flexibility, and immunity to electro- 
magnetic interference and finally, optical techniques have 
the potential of optoelectronic integration, which even- 
tually will result in very compact and low-cost systems. 

-I- . -  
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APPENDIX A 
EVALUATION OF THE IF FILTER SIGNAL TRANSFER 

FUNCTION 
The relation between the sin ( x ) / x  phase transfer func- 

tion H,( f )  and the signal transfer function H,( f )  of the 
IF filter is very difficult to calculate by exact analysis. It 
is, however, possible to evaluate the signal transfer func- 
tion by approximation. 

The phase-noise power spectrum S,(f) and the signal 
power spectrum S ( f )  after the filter are calculated as 

S,(f)2 = I~,<f)l' S,(f>l ('41) 

where indexes 2 and 1 refer to the spectra after and before 
the IF filter, respectively. Provided that the phase-noise 
modulation index is small, i.e., +peak << 1, then the 
phase-noise spectrum and the signal power spectrum is 
related as [42] 

& ( f )  = 1 & < f > .  (A31 

Therefore, at small modulation index the signal transfer 
function may be found as 

IH,(f)I2 = I ~ $ ( f > I 2 ,  for4,,, << 1. (A4) 

This situation is not fulfilled close to the carrier frequency 
of the IF signal. The signal transfer function will, there- 
fore, be different from the phase transfer function at offset 
frequencies close to the carrier frequency. However, this 
has no importance in the situations where the filter is so 
broad that it does not limit the carrier spectrum, i.e., when 

Other authors have performed analysis in the time do- 
main for an IF filter with a sin ( x ) / x  signal transfer func- 
tion [43]. Their analysis have shown, that such an IF filter 
alters the differential phase fluctuations (of free-running 
lasers) as 

A V  << BIF. 

= a * (aA$>: 645) 

where a = 0.726 was calculated for linewidths of up to 
5% of the filter bandwidth. In our calculations we have 
used an IF filter with a sin ( x ) / x  phase transfer function 
and a = 0.667 was found (comparing (7) and (8)). So 
even though the demand for +peak << 1 may not be ful- 
filled there is no large difference between the results. 
Hence, in the situation where the filter is fairly broad 
compared to the carrier spectrum (A4) may be used as a 
fairly good approximation for evaluating the signal trans- 
fer function. 

APPENDIX B 
PHASE-LOCKED LOOP TRANSFER AND ERROR FUNCTIONS 

A phase-locked loop (PLL) (c.f. Fig. 7) taking loop 
propagation delay into account is normally described by 

VCO laser . 
Reference 

source L - L  Delay Loopfilter 

Fig. 7. Coherent OBFN phase-locked loop transmitter module 

the parameters [32], [33] 

Open loop transfer function: G(s) 

KF(s)e -'ld 

(B1) - - K ,  K3 F(s)e -'ld - - 
S S 

Closed loop transfer function: H(s)  

Error function: 1 - H(s) 

1 

1 + G(s) 

S 
(B3) 

when assuming linear stable locked loop operation; a con- 
dition which, as shown in Section V,  is fulfilled. For real 
frequencies s = j w  = j2rf .  K ,  is the conversion gain of 
the front end and the phase detector, K3 is the voltage 
controlled oscillator (VCO) laser modulation sensitivity, 
F(s) is the transfer function of the loop filter, Td is the loop 
propagation delay, and K is the open loop gain of the 
phase-locked loop. A factor K2 can be introduced when 
an amplifier is present between the loop filter and the VCO 
laser. The error function of the loop is given as the phase 
error divided by the phase fluctuations of the phase detec- 
tor input signal. So the error function is an expression of 
the noise reduction that can be obtained on the input sig- 
nal when using a PLL. 

- - 
s + KF(s)e-"' 

A .  First-Order Loop 
A first-order loop has F(s) = 1 and may be imple- 

mented with a frequency detector and an integrator in- 
stead of a phase detector. We have the error function from 
(B3) 

where the open-loop gain K is equal to the angular fre- 
quency of zero decibel loop gain called U,. Introducing x 
= a f T ,  A = rf, T and the normalized loop propagation 
delay Rbrd(Rb = 2/T) to allow for the same frequency 
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normalization as that used for sin ( x ) / x  in (7) we get The transfer function of the active filter is given by [32], 
X 2  [331 

11 - H(X)I* = (B6) 

(B 13) 
s72 + 1 X 2  + A2 - 2xA sin (XRbTd)' 

F(s) = -. 
S71 The open-loop transfer function of the first-order loop is 

given by (Bl) 
Ke - J W l d  

From (B3) and (B1 1) we get the error function 
G ( j w )  = ~ 037) 

IG ( jwz ) (  = 1, f o r K  = w, (B8) 

2 

(B14) 
j w  -W 

j 2  {w,we -JwTII 
1 - H ( j w )  = -w2  + w;e  -jwrII + 

and the transfer function is given by (B2) 
w, e - W d  

H ( j w )  = 
j w  + w z e  

B. Second-Order Loop 
A second-order loop can be implemented in various 

ways but at high frequencies one is restricted to second- 
order loops with passive loop filters since active loop fil- 
ters would be very difficult to implement. A passive loop 
filter which consists of a low-pass filter with a phase-lead 
correction network is fairly simple to implement and en- 
sures a good loop stability. This type of loop filter has a 
transfer function given by [32], [33] 

s72 + 1 
F(s) = ~ 

s71 + 1 '  

Unfortunately the calculations of the phase-noise reduc- 
tion obtained by a PLL with this type of filter are very 
complex and it is therefore necessary to make an approx- 
imation. For the approximation it is possible to use the 
calculations of the phase-noise reduction obtained by a 
PLL with a loop filter consisting of an active integrator 
with a phase-lead correction network. This type of filter 
results in almost the same phase-noise reduction as the 

where w, and { are the natural frequency and the damping 
coefficient of the loop given by [32], [33] 

In order to compare the second-order loop to the first-or- 
der loop, it is convenient to normalize with respect to the 
frequency of zero decibel open-loop gain called wz.  The 
open-loop transfer function is given by (Bl)  

IG( jw:) I  = 1,  for (2)2 = 2 r 2  + (B18) 

(B20) 
w r 2  cos (WTJ - sin (Urd) 

cos (Urd) + w r 2  sin (Urd) ' 
L G( j w )  = arctan 

Introducing x = a f T,  A = ah T and the normalized loop 
propagation delay R h r d ( R b  = 2 / T )  and get from (B13) 
and (B17) for a critically damped loop which is achieved 
for { = 0.707 [32], [33] 

r4  

passive filter, although the phase-noise reduction obtained 
with the active filter is slightly higher than the phase-noise 
reduction obtained with the passive filter. 

Furthermore, we may note that with the normalization 
used both first- and second-order loops have open-loop 
zero decibel gain for x = A .  
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Finally, the transfer function of the second-order loop ments for optical PSK heterodyne communication systems,” J .  Light- 
wave Technol., vol. LT-4, no. 4 ,  pp. 415-425, 1986. 

1211 G .  Jacobsen and I.  Garrett. “Theorv for optical heterodyne DPSK is given by ( B 2 )  
. >  

receivers with post-detection filtering,” J .  Lightwave Technol. , vol. 
LT-5, no. 4 ,  pp. 478-484, 1987. 

( ~ 2 2 )  
[22] G. Jacobsen and I.  Garrett, “The effect of laser linewidth on coherent wi e -jwTd + j 2  {wnwe-JWTd 

- w 2  + w;e -jw70 + j 2  {w,we-JW‘“ W w )  
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