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Multifunctional Fiber-Optic Microwave Links
Based on Remote Heterodyne Detection

Ulrik Gliese, Torben Ngrskov Nielsen, Sgren Ngrskov, and K. E. Stubkf@nber, IEEE

Abstract—The multifunctionality of microwave links based is then transmitted through the optical fiber, and the MW
on remote heterodyne detection (RHD) of signals from a signal is recovered by DD in a photodiode. In the RHD
dual-frequency laser transmitter is discussed and experimentally links, two phase-correlated optical carriers are generated in a

demonstrated in this paper. Typically, direct detection (DD) dual-f | t it ith a f ffset |
in conjunction with optical intensity modulation is used to ual-frequency laser transmitter with a frequency ofiset equa

implement fiber-optic microwave links. The resulting links are to the desired MW frequency. Both optical signals are then
inherently transparent. As opposed to DD links, RHD links transmitted through the optical fiber, and the MW signal is

can perform radio-system functionalities such as modulation generated by heterodyning of the two optical signals in a
and frequency conversion in addition to transparency. All of photodiode

these three functionalities are presented and experimentally . . . .
demonstrated with an RHD link based on a dual-frequency Links using IM-DD are inherently signal transparent and,

laser transmitter with two offset phase-locked semiconductor iN principle, act as amplifiers/attenuators. Consequently, these
lasers. In the modulating link, a 1-Gb/s baseband signal is QPSK links are restricted to MW-signal transport functions. In fact,
modulated onto a 9-GHz RF carrier. The frequency converting until now, the fiber-optic technology has primarily been con-
link demonstrates up-conversion of a 100-Mb/s PSK signal gjqereq for such functions. However, when based on RHD,
from a 2-GHz carrier to a 9-GHz carrier with penalty-free . . ..
transmission over 25 km of optical fiber. Finally, the transparent the teCh.nObgy can offer rad'o'SySt.em_funCt'Q_nal't'es such as
link transmits a standard FM video 7.6-GHz radio-link signal modulation and frequency conversion in addition to transpar-
over 25 km of optical fiber without measurable distortion. ent signal transport. For some applications, this may be of
Index Terms— Microwave communication, millimeter- considerable importance. ) .
wave communication, optical-fiber communication, optical ~ Naturally, the performance of RHD must be viewed in
phase-locked loops, semiconductor lasers, signal processing.  the light of its higher complexity and cost as compared to
IM-DD. The increase in complexity and cost is due to the
required dual-frequency laser transmitter. Integration might
|. INTRODUCTION lead to cost reductions, and transmitter concepts with potential
for hybrid and/or monolithic opto-electronic (O/E) integration

T HE interest in fiber-optic micro- and miIIimeter—waveare’ therefore, essential.

(MW) links has been steadily increasing and the pro- |, i paper, we present three fiber-optic MW-link ex-

posed applications are manifold ranging from delay lines OVgE iments demonstrating the feasibility of implementation of
phased-array antenna feeders to backbone networks for celly yhree different radio-system functionalities: modulation,
phone systems. The links can be implemented either by )€, ency conversion, and transparency. The link used for
use of direct detection (DD) techniques or remote heterodygg ree ‘experiments is based on RHD and a semiconductor

detection (RHD) techniquésMany such links have been|aser transmitter that has the potential for both hybrid and
proposed, analyzed, and experimented. monolithic O/E-integration.

In the DD links, the MW signal is intensity modulated e paper is organized as follows. The principles and
(IM) onto the optical carrier from a laser. The optical sign&{,nctionalities of RHD are described in Section II, together

with different transmitter concepts. Further, the obtainable link
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Fig. 1. Principle of RHD fiber-optic MW links.

signal whereas the RHD link generates the MW signal by 2) optical frequency shifting where the two optical signals
heterodyning of two laser signals. In this process, the phase are generated by:
noise of the two laser signals transfers directly to the resulting
microwave signal. Therefore, it is necessary either to remove
the actual laser-signal phase noise or to correlate the phase
noise of the two laser signals. Both methods or a combination
ideally ensures the generation of a highly phase-stable MW
carrier.

A simplified schematic of the RHD principle is shown

in Fig. 1. At the transmitter end, two phase-correlated laserg) optical offset injection locking where the two optical

a) splitting a master laser signal in two and frequency
shifting one part [4], [5];

b) single sideband (SSB) modulation of a master
laser signal [6], [7];

c) suppressed carrier double sideband (SC-DSB)
modulation of a master laser signal [8], [9].

signals with a frequency offset gt = | f, — f2| are generated signals are generated by injection locking of:
by a dual-frequency laser transmitter. Both laser signals are

transmitted through the fiber link to the receiver end where @) two slave lasers by a master laser [10];
heterodyning takes place in an O/E-converter (photodiode). ) one slave laser by a master laser [11].

Assuming that the phase correlation between the two lase
signals is not altered by the fiber link, the resulting beat signal
is a highly phase-stable MW carrier with a frequencyfof
However, the phase correlation is altered to some extend
by the fiber link which, besides transmission attenuation, may
limit the system performance due to dispersion effects and fiber lIl. M ULTIPLE-LINK FUNCTIONALITIES

nonlinearities. Both chromatic dispersion and polarization- |n radio systems, the baseband information signal is nor-
mode dispersion limit the obtainable transmission-distanggally known as the low-frequency (LF) signal. The LF signal
times MW-carrier frequency product of the link [1], [2].is typically modulated onto a carrier resulting in an interme-
Further, at high optical input powers, fiber nonlinearities mayiate frequency (IF) signal. Finally, the IF signal is frequency
cause significant problems. This aspect has to the best of fjeconverted to an RF signal suitable for transmission in the
authors’ knowledge never been analyzed for neither IM-DRydio channel. The three abbreviations LF, IF, and RF are
nor RHD fiber-optic MW links. Such an analysis, however, ifiot used to describe specific frequency ranges, rather they are
outside the scope of this paper. used to describe different signal stages present in most radio
systems. For consistency, this terminology is used throughout
this paper. Therefore, any radio-transmission signal at no
matter which MW frequency is designated the RF signal.

As the carrier and the modulation of the RF signal can be

No details have been presented in Fig. 1 for the dualontrolled separately in RHD links, the link can perform three
frequency laser transmitter of the link, as it can be imifferent radio-system functionalities depending on how the
plemented in many different ways. The general concepfansmitter is constructed and operated.
however, is the same for all transmitter types. A MW carrier 1) A modulating link that modulates an LF signal, applied
is used to control the frequency offset and phase correlation * . e input of the link, onto an RF signal, delivered at
between the two laser signals. Further, information content o output at the link.
can be modulated onto the optically generated MW signal by2) A frequency converting link that up-converts an IF
modulating one or both of the two laser signals. A variety signal, applied at the input of the link, to an RF signal
of possible transmitter concepts have been proposed and gejivered at the output of the link. The reverse action,

investigated: . _ down-conversion, is also possible.
1) dual-mode lasers where the two optical signals are3) A transparent link that transfers an RF signal from

generated from two different oscillation modes in a  the input of the link to the output of the link without
master laser [3]; alteration.

r4) optical offset phase locking where the two optical signals
are generated by phase locking of a slave laser to a
master laser [12]-[15].

B. Dual-Frequency Laser Transmitters
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Fig. 2. Principle of the OPLL transmitter.
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Fig. 4. Power spectral density of the optically generated microwave signal
at 6 GHz.

error signal is fed back to the slave laser which is forced to
track the master laser. This causes a significant reduction of
Fig. 3. Photo of the feedback loop of the OPLL RF generator. SL: slaghe phase noise of the beat signal. The OPLL is a second-order
:gzgr.ﬁlct:é)rf coupling optics. FE: optical frontend. MX: microwave mixer. LFI'Oop with a loop feegback bandwidify (as defined in [17]).’ of
180 MHz, a loop gain of 181 dBHz, and a loop propagation de-

i i ) _lay 4 of only 400 ps [15]. A photo of the OPLL feedback loop
These three modes of operation are described in detail jinshq\n in Fig. 3 to illustrate how the low-loop propagation
Section IV for a transmitter based on optical offset pha%?elay has been achieved through a very compact setup.
locking of two semiconductor distributed feedback (DFB) The required feedback bandwidth is independent of the RF
lasers. signal frequency and only depends on the required RF signal
phase noise and the phase noise of the lasers. Therefore,
the obtainable RF signal frequency is solely determined by
the phase detector RF properties. The OPLL presented here
A. Setup operates a continuous RF range of 3-18 GHz. However,
dyith fast photodiodes and monolithic microwave integrated

As shown in Fig. 2, the dual-frequency laser transmitt , S
consists of an optical phase-locked loop (OPLL) RF generat§ffcuit (MMIC) technology operation in the 60- or 100-GHz

[15], and an optical modulator (the possible configurations atgduency bands can be obtained.

described at the end of this section). The OPLL RF generator

consists of a free-running master laser with a 2-MHz linewidtfs: Performance

an O/E phase detector (optical frontend and microwave mixer),The RF signal generated by the OPLL transmitter is shown
a loop filter (low-pass with phase-lead correction), and a slaireFig. 4 for the frequency of 6 GHz. Close to the carrier, its
laser with a 6-MHz linewidth [16]. The RF signal generatedpectral shape corresponds exactly to that of the injected RF
by the beat of the two semiconductor lasers is, in the phasignal. The noise level is as low asl10 dBc/Hz @ 100 kHz
detector, compared to the RF input signal. The resulting phasfecarrier, less than-115 dBc/Hz @ 200 kHz—20 MHz of

IV. THE OPTICAL PHASE-LOCKED-LOOP
LASER TRANSMITTER
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0.20 , , [ section. In the following, a description of each of the three
- ' ' : functionalities is given in relation to the OPLL transmitter.
g 0.15 beomeond R S e ] 1) In the modulating link, an unmodulated RF carrier is
8 E : ; injected into the phase detector of the OPLL. This
= ensures phase correlation of the two laser signals at a
> 0-10 frequency offset equal to the frequency of the injected
é RF carrier. Further, one or both of the laser signals are
s 005 modulated by an LF signal by use of an external optical
& | ; ; modulator. The modulation format used for the optical
0.00 i i i modulation transfers directly to the RF signal generated
0 5 10 1520 by RHD at the output of the link. The generated RF
Carrier frequency |GHz] signal and, thereby, also its amplitude modulation relates
Fig. 5. Total phase variance in a 1-GHz noise bandwidth as a function of as the square root to the intensity of each laser signal.
the microwave signal frequency. Therefore, in the case of optical IM, it is necessary to
modulate both laser signals with the same LF signal, as
15 — — . shown for the IM configuration of Fig. 2. This ensures

a linear amplitude modulation of the RF signal. PM
is obtained by modulation of one of the laser signals
as shown for the PM configuration of Fig. 2. In this
scheme, FM of the master laser cannot be used since it
will be tracked by the OPLL.

2) In the frequency up-converting link, an unmodulated RF
carrier is injected into the phase detector of the OPLL as
described above. Further, one or both of the laser signals

10 }

Total rms phase error [deg]

o Y are modulated by an IF signal or an IF signal set by use
10 100 1000 of an external optical modulator in either of the same
Noise bandwidth [MHz] configurations described above. By RHD, the IF signal

Fig. 6. Total rms phase error for the average 4-15-GHz range performance IS frequency L_Ip-COF’IVGI‘tGd to an RF Slgnal' FOI’ the M
as a function of the noise bandwidth. method, the linearity only depends on the linearity of

the modulator. In contrast, the use of PM for subcarrier
modulation inherently results in some signal distortion
because it is a nonlinear modulation process [18]. The
modulation depth must, therefore, be adjusted depending
on the number of IF signals that are to be handled in
one signal set [18], [19].

In the transparent mode, a modulated RF signal is
injected into the phase detector of the OPLL. The two
lasers are then forced to offset phase lock in such a
manner that the optically generated RF signal equals the
injected RF signal. After RHD at the receiver, the signal
has been transferred directly to the output of the link.
With the OPLL, this mode of operation only works for
RF signals modulated in either frequency or continuous
phase and within the modulation-bandwidth limitations

carrier and only—102 dBc/Hz at the offset corresponding to
the loop resonance frequency. Of the total signal power, 97.7%
is phase locked in the carrier and the total phase variance is
as low as 0.04 radin a 1-GHz noise bandwidth and only
0.001 rad in a 50-MHz noise bandwidth. 3)

The total phase variance in a noise bandwidth of 1 GHz
is shown as a function of the RF signal carrier frequency in
Fig. 5. As seen, the OPLL has an uniform performance in
the range of 4-15 GHz with an average phase variance of
0.045 rad. For this value, the total rms phase error is shown
as a function of the noise bandwidth in Fig. 6. As shown,
QPSK and PSK signals typically require an rms phase error
of maximum 2.8 and 8.2, respectively [2]. For an effective
system noise bandwidth of 0.6 times the symbol rate [2], this . .
allows for QPSK operation at bit rates of up to 200 Mb/s, and _Of the loop. In th's scheme, an e>§ternal optical modulator
PSK operation at bit rates of up to 290 Mb/s. Is not present in the setup of Fig. 2.

Finally, the locked loop operation is very reliable. An Proof of concept link experiments have been carried out for
acquisition range of 640 MHz has been measured, and @rch of the three functionalities to demonstrate their feasibility.
average time to Cyc|e Sliﬁav is estimated to 13 s. This All of the link eXperimentS are based on the OPLL dual-
yields a probability of less than 0.3% for one cycle slip withifirequency laser transmitter operating in the wavelength regime

ten years. To our knowledge, this semiconductor laser OPIf 1550 nm, a conventional optical frontend receiver and
is the best ever reported [15]. standard single-mode fiber. For the distances (0-25 km) and

MW frequencies (7—9 GHz) of the link experiments presented

i ] in this paper, no limitations occur due to fiber dispersion

C. Configurations [1], [2]. This is also verified by the experimental results.
The transmitter described above can be used for any of thiee optical power levels in the transmitter were optimized
three different link functionalities presented in the previou®r optimum OPLL performance rather than for maximum
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Fig. 7. Configuration of the modulating link.

transmission power. Consequently, each of the two lasers only 0
put approximately-15 dBm into the transmission fiber. At this

power level, fiber nonlinearities should have no effect on the  -10
link performances.

V. THE MODULATING LINK

Power [dBm)]

A. Experimental Setup

This experiment demonstrates QPSK modulation of an LF
input signal with a bit rate of up to 1 Gb/s onto a 9-GHz
RF carrier [20]. The experimental setup is shown in Fig. 7.
It consists of a pseudorandom bit sequence (PRBS) generator, . . ,
a QPSK driver/encoder [21], an O/E transmitter (Tx) unit, a 8.0 8.5 9.0 95 10.0
fiber-optic link (here only a few meters), an O/E receiver (Rx)
unit, a PSK microwave receiver, and a sampling oscilloscope.
A DC-12-GHz optical frontend (HP 11982A) is used fOIFig. 8. Poyver spectrum of optically generated 1-Gb/s QPSK modulated

. . . . 9-GHz carrier.
the Rx unit. The Tx unit consists of the semiconductor laser
OPLL RF generator described in Section IV and an external
two-electrode semiconductor optical amplifier (SOA) phadeetween each sidelobe are due to a nonlinear PM response
modulator [22], [23]. of the SOA phase modulator. This gives rise to a penalty of

A four-level LF signal from the QPSK driver/encoder isapproximately 1 dB, which is low compared to the 14.5-dB
applied to the SOA phase modulator. This signal QPS#ain of the SOA. The demodulatddand ¢ components of
modulates the master laser signal. The two laser sign#ie 1-Gb/s QPSK signal are shown in Fig. 9. They have been
are transmitted through the fiber to the Rx unit where measured with the sampling scope in averaging mode to clear
QPSK modulated RF signal is generated by RHD. The carrigthe measurement from phase noise. From the well-defined
frequency is determined by the frequency offset between thpper and lower levels of the demodulated signals, it is seen
two lasers in the OPLL, which is chosen to 9 GHz. Ththat the SOA modulator both provides the sufficient PM index
resulting modulation on the RF signal is exactly the same asd has adequate phase linearity to yield a nearly constant
that applied to the optical signal. amplitude of the signal levels. The residual gain variation of

the SOA is also included in the Fig. 9 and is only 1 dB.

Frequency [GHz]

B. Modulating Performance

The LF-to-RF modulating link functionality has been veriC- Link Performance

fied by analysis of the received RF signal and the demodulatedAs shown in Section IV, the OPLL RF generator allows
I and @@ components. The signal at the output of the Rfor QPSK transmission of up to 200 Mb/s (60-MHz noise
unit is shown in Fig. 8. The smooth curve represents thmndwidth). Such a transmission has been carried out using an
ideal envelope for the QPSK RF spectrum. The measuradailable PSK receiver with a noise bandwidth of 120 MHz. As
spectrum is (as seen) very close to the ideal. The imperfestpected, this noise bandwidth is too wide, and this is clearly
suppression of the carrier (20.5 dB) as well as the spikegident from the eye diagram shown in Fig. 10. However,
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VI. THE FREQUENCY UP-CONVERTING LINK

10 ns , A. Experimental Setup

This experiment demonstrates frequency up-conversion of a
100-Mb/s PSK IF input signal at a carrier frequency of 2 GHz
to an RF of 9 GHz [24]. The link setup is shown in Fig. 12.

It consists of a PRBS generator, PSK microwave transmitter,
O/E Tx unit, fiber-optic link, O/E Rx unit, DPSK microwave
receiver, and a bit error rate (BER) detector. The Rx unit is the
same as in the previous experiment. The Tx unit consists of
the semiconductor laser OPLL RF generator and an external
2.5-GHz bandwidth LiNb@ phase modulator.

The IF input signal (cf. Fig. 13), is transmitted through the
fiber-optic link phase modulated as a subcarrier onto one of the
laser signals and is frequency up-converted in the Rx unit by
besides the noise, the eye diagram is well defined and does thet nonmodulated laser signal. The frequency up-conversion
show any other deteriorating effects. To further verify this, @ determined by the frequency offset between the two lasers
100-Mb/s PSK transmission has also been carried out. As s@grthe OPLL, which is chosen to be 7 GHz. As shown in
from Fig. 6, PSK is less sensitive to phase noise than QPSHg. 14, replicas of the input signal result at RF’s of 5 and 9
Therefore, a very clean eye diagram is obtained, as shownGRz as sidebands to the optically generated 7-GHz carrier. The
Fig. 11. It is clearly seen that the eyes of the two differe®t-GHz component of this signal is filtered and demodulated
experiments have the same general shape and only differ gtueghe DPSK receiver.
to the noise. This confirms a well-behaved link operation.

B. Link Performance

Fig. 10. Eye diagram for 200-Mb/s QPSK (channel) through a PSK
receiver with a 120-MHz noise bandwidth.

D. Summary The performance (in terms of BER) of the fiber-optic MW

The experiment demonstrates the LF-to-RF modulatidigk is determined by the carrier-to-noise ratio (C/N) of the
functionality of RHD links. Such links may prove useful in9-GHz up-converted signal and by the phase noise of the
applications where the LF signal is readily available. Thisptically generated microwave carrier. In this system, the C/N
is the case in most up-link systems. In these systems, thaletermined by the optical modulation index (0.47 rad) which
traditional modulator and up-converter equipment becomgeverns the power level and distortion of the up-converted
unnecessary when RHD links are used instead of DD linksignal, the received optical power from each laser (variable),
Naturally, a comparison of the two types of links must takand the thermal noise of the Rx unit (24 pAAz). Further, the
this into account when considering the aspects of performanogtically generated microwave carrier has an rms phase error
cost, power consumption, etc. of approximately 7 within the 80-MHz noise bandwidth of

In addition, the experiment demonstrates that SOA’s caime DPSK microwave receiver due to a nonoptimum OPLL
efficiently be used as high bit-rat&/-ary PSK modulators. operation (cf. Fig. 6) during this experiment.

They require less modulation power than most other opticalThe BER is depicted in Fig. 15 versus the square root
modulators and at the same time provide gain to boost tbe the product between the received optical powers from
transmitter power [22]. The use of SOA phase modulators atee two transmitted laser signals. Further, an eye diagram
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the aforementioned noise parameters, a BER curve for optical
at a BER of less than 18° is shown in Fig. 16. The back-to-back measurements (fiber-optic link of a few meters)
lower rippled trace, which is not present in a DPSK eyand a BER value measured for transmission through 25 km of
as measured directly at the demodulator output, is quieandard single-mode fiber. As seen, there is good agreement
normal and is present due to the tight post-detection noisetween the measured curve and the ideal theoretical curve.
filtering. A PRBS of lengti2®! — 1 has been used for all theFurther, the influence of the fiber, besides the 0.2-dB/km

25
Time [ns]

35

unit (RBjg. 16. Eye diagram at a BER of less thar10.

measurements. Fig. 15 gives a theoretical BER curve basedi@nsmission loss, is negligible.
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C. Summary TABLE |

. MEASURED PARAMETERS OF THELINK EXPERIMENT (NA: NOT APPLICABLE)

The experiment demonstrates the IF-to-RF frequency up-

. . . . Parameter ] Back-to-back ] Optical link | Requirements for 25-50 km links
converting functionality of RHD links. Although not demon- Zain:

strated here, down-conversion is also achievable by propesertion (0 km) 0dB -37 dB -

selection of the input signal frequencies. Frequency convertingasmission (25 km) - 4748 -

I i X N A "Hynamic range - 0dB -
links may prove useful in applications where the IF Sig-Tinearity:

nal is readily available, as is most often the case. Furthef)ferentiz E;j:se L% Lo 2%
the traditional up-converter and down-converter equipmentiise:

becomes unnecessary when RHD links are used instead 7;21"‘8“” 107 48Hs | 1108 BH, -
DD links. Naturally, as mentioned for the modulating link, Non-weighted 5/N 63.4 dB 478 dB -
a comparison of the two types of links must take this intqWeighted S/N 69 dB 58 dB 60 dB

account when considering the aspects of performance, cost,

power consumption, etc.

the 25-km fiber-optic link and the RF signal is recovered in

the Rx unit by RHD. The recovered signal is demodulated in

the microwave receiver and the demodulated video signal is

analyzed. The transparent transmission can be performed for

A. Experimental Setup RF signals modulated in either frequency or continuous phase
This experiment demonstrates transparent transmission@9fl with carrier frequencies within the operational range of

a standard FM video 7.6-GHz radio-link signal [25]. Théhe OPLL (here, 3-18 GHz). The exact modulation bandwidth

link setup is shown in Fig. 17. It consists of a video sign&apability depends in detail on the modulation format as

generator, microwave transmitter, O/E Tx unit, fiber-optic linkvell as several loop aspects which are outside the scope

O/E Rx unit, microwave receiver, and a video-signal analyzéHf this paper. However, in general, the modulation rate for

The Rx unit is the same as in the two previous experimen@)y modulation format must be less than the loop natural

and the Tx unit consists of the semiconductor laser OPLL Ryandwidth (here, 110 MHz), and the peak frequency deviation

generator. for frequency modulated signals must be less than the lock
The RF input signal is a 7.6-GHz FM radio-link signal witiange of the loop (here, 175 MHz) [19], [26].

a spectral width of 27 MHz that has been generated from

a phase alternate line (PAL) video signal with a bandwidt. Link Performance

of 6 MHz. This microwave signal is injected into the phase normally, a transparent fiber-optic RF link is characterized
detector of the OPLL. The phase fluctuations of the W@ qygh its gain, dynamic range, linearity, and noise. These are
lasers will be correlated by the OPLL so that the phasajyated in the following based on the measured results given
and frequency of the laser beat signal after RHD tracks §ie1apie |, together with results of an electrical back-to-back
phase and frequency of the RF input signal. In effect, thgeasurement (microwave transmitter to microwave receiver).

OPLL Tx unit modulates the information content of the Rigqr comparison, Table | also gives the requirements for main
input signal onto the optical signal of the locked laser ar@S—SO-km) radio FM TV link2

at the same time locks the laser to the master laser with
a frequency offset equal to the carrier frequency of the RF
input signal. The two laser signals are transmitted through?“A broadcasting engineer’s vade mecuniBA Tech. Rev. 10ylay 1978.

VII. THE TRANSPARENT LINK
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C. Link Gain and Dynamic Range TABLE I
. . . . C/N D R o) L

The link was operated with a 10-dBm RF input signal and ENSITY THATIoS oF THE TRTIeAT K
gave a—27-dBm RF output signal for a 0-km transmission and Source | G/No [dBHz] | AC/No [dB]
—37 dBm for a 25-km transmission. This gives a link insertion RE input signal 1227

) | o g ) OPLL E/O-O/E conversion -0.9
gain of —37 dB and a link transmission gain ef47 dB. RF output signal (0 km fiber) 1218

The optical power levels in the transmitter were optimized 5 dB fiber loss -16.0
for optimum OPLL performance rather than for maximum RF output signal (25 km fiber) 1118

Total change -10.9

transmission power so that only15 dBm was put into the
link from each laser. For the link presented here, the link

gain is directly proportional to the product of the powef,e signal strength, additive noise, phase noise, and amplitude
of the two laser signals [19]. Therefore, the link gain caf,ise of the RE output signal.

be significantly improved by increasing the optical output As seen from Table I, the link is capable of delivering a

power of the transmitter. A 25-dB increase o_f the power fro@[udio-quality video signal with a weighted S/N of 58 dB

?aCh laser from-15 to 10_dBr_n _W'” result in a “nk_ 94N \which is very close to the 60-dB requirement. Further, it is
improvement of 50 dB. This will increase the _msertpn 9a88een that the optical link introduces a 15.6-dB reduction of the
from —37 to 13 dB and the 25-km transmission gain frorﬂonweighted S/N. Although the S/N requirements of FM TV

—47 to 3 dB. links are normally addressed through the weighted Sax,

The link gain is also inverse proportional to the power Oatssessment of the S/N reduction can only be performed using

the input RF signal [19]. This is because a fixed input POWgle nonweighted S/N values. This is because the weighting

level is reqmred to pump thg mixer in the phase deteptor f&nction may significantly alter the influence of the different
ensure a fixed OPLL operation [26]. As a result of this, th oise SoUrces

link gain can be improved by the use of a more efficient mixer The influence of the additive noise on the S/N can be easily
requiring a lower pump power. However, it also means that th

dvnamic ranae of the link is verv close to 0 dB as is norm ofstinguished from the other noise sources by measurement of
y ng y e C/N, (signal strength over additive noise). The change
for a PLL input [26].

in C/N, from input to output of the link has been shown in
Table Il. TheC/N,, value of the input signal is found from the
back-to-back measured SANThis is valid because the signal
The linearity of the link is given in terms of the baseband-tGrom the MW transmitter has very low phase and amplitude
baseband differential gain and differential phase as measurgfise. TheC/N, of the optically generated RF output signal is
on the 4.43-MHz color subcarrier in the video signal. Thesgverned by the available laser power, fiber loss, laser relative
are traditionally used to characterize the linearity of an FMtensity noise (RIN) density at the frequency corresponding
link.% They include all contributions from amplitude responsgg the frequency of the RF signal, thermal noise of the optical
group delay response, and AM/PM conversion. As seen, th&eiver, and polarization-mode dispersion of the fiber (it
optical link only introduces a negligible distortion of the videgeduces the RF signal strength). However, for the RF signal
signal which is within the accuracy of the measurement setygaquency and fiber length of this experiment, the polarization
Further, the measured distortion levels are well within theode dispersion is of insignificant influence [1]. THEN,

D. Link Linearity

requirements. values for the RF output signal are found from the measured
_ _ signal strength, laser power, RIN, and thermal noise. As seen,
E. Link Noise the additive noise introduces a totél/N, reduction and

A noise figure cannot be defined for a transparent RHibereby an S/N reduction of 10.9 dB. However, it must be
link based on an OPLL transmitter. This is because PLL’s caeted that theC/N, reduction due to the fiber loss is fixed
very efficiently recover input signals that are accompanied byereas theC /N, reduction/improvement due to the OPLL
significant additive noise [26]. Consequently, the C/N densify/O-O/E conversion strongly depends on ®igN, of the
ratio (C/N,) of the RF output signal is independent of th&kF input signal as previously explained. Consequently, for
C/N, of the RF input signal, and an RF output signal with an RF input signal with aC/N, of 110 dBHz, aC/N,
high C/N, may be obtained even for an RF input signal witimprovement of 11.8 dB would have been obtained due to
a rather poorC/N,. However, a too pootC/N, will result the OPLL E/O-O/E conversion because MgN,, of the RF
in the generation of additional phase noise on the RF outputtput signal would remain unchanged. Finally, ¢N,
signal due to additive noise to phase noise conversion in thethe RF output signal can be increased by increasing the
OPLL [26]. The amount of additional phase noise that can Ipewer from each laser. However, thig/N, improvement is
tolerated sets the lower limit for th€ /N, of the RF input not linear with laser power and an improvement limit exists
signal. due to the laser RIN [19].

The noise performance of the link must be evaluated fromBased on the S/N reduction due to additive noise, it is
the signal-to-noise ratio (S/N) of the demodulated video sighglossible to identify the S/N reduction due to the remaining
This takes all noise sources into account and is determinedrmise sources. The total S/N reduction is (from Table I) found

3“Differential gain and phase,” Hewlett-Packard Applicat. Note 175-1, Jur'FQ be 15.6 dB, and the S/N reduction due to additive noise is
1974. (from Table II) found to be 10.9 dB. This means that the phase
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noise and the amplitude noise introduce an S/N reduction laftks, as well as their feasibility. In many applications, mod-
4.7 dB. The phase noise of the RF output signal dependsting or frequency converting links may be much more
on the laser phase noise, phase noise reduction efficiedggirable than transparent links. The RHD technique enables
of the OPLL, and chromatic fiber dispersion. However, fahese, as opposed to the conventional DD-technique. When
the RF signal frequency and fiber length of this experimerdpmparing DD links and RHD links this must be taken into
the chromatic dispersion is of insignificant influence [2]. Thaccount, and the entire system must be evaluated in its entirety
amplitude noise of the RF output signal depends on the lagem end to end.
RIN density from zero to 27 MHz (the spectral width of All of the presented experiments have been performed with
the RF signal). This RIN is up-converted by the RHD t@ dual-frequency laser transmitter based on optical offset
enter the RF output signal as amplitude noise. As foummhase-locked semiconductor lasers. The experiments have
through measurements, it may be quite significant if the laselsmonstrated the efficiency, flexibility, and feasibility of this
are not properly isolated toward optical back-reflections [1%ype of transmitter that also has potential for both hybrid and
Unfortunately, it is not possible to distinguish amplitude noisamonolithic O/E integration. Work on integration is in progress.
and phase noise in the measurements. Therefore, it cannofb®MIC-based O/E phase detector has been implemented
determined how much of the 4.7-dB S/N reduction is caus§?i7], [28], and a hybrid integrated and packaged OPLL is
by phase noise and how much is caused by amplitude noisender construction [29]. Integration might eventually lead to

Finally, it must be noted that the three noise sourcesst reduction making fiber-optic MW links based on RHD
(additive, phase, and amplitude) have very different influencatiractive for future specialized MW systems.
on the signal. Therefore, an S/N improvement obtained by
reducing one of the noise sources cannot compensate the S/N ACKNOWLEDGMENT
degradations introduced by any of the other noise sources.

The three-electrode DFB lasers for the transmitter were
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e experiment demonstrates that the INK, When Dasglcherche, Marcoussis, France, and the optical fiber was sup-

on OPLL transmitters, can also be used for implementation & d by Lycom, Brandby, Denmarkm and the FM microwave

e
RF-to-RF transparent links. However, as shown, the nature %- ; : . 9

Lo T ) i radio-link equipment supplied by TeleDenmarlastrup, Den-
this link is significantly different from that of conventional auip PP y lasTrup

. . mark.
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