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Optical Transmission of Narrowband
- Millimeter-Wave Signals

John B. Georges, David M. Cutrer, Olav Solgaard, and Kam Y. Lau

Abstract—We describe experimentally and theoretically three
techniques used to transmit narrowband millimeter-wave (mm-
wave) analog signals over optical fiber: 1) narrowband mm-wave
optical transmitters based on resonant modulation of monolithic
semiconductor lasers, 2) feedforward optical modulation, and 3) a
passively mode-locked laser operating in an optoelectronic phase-
locked loop. The resonant modulation response at the cavity
round-trip frequency is fully characterized for multiple-contact
lasers under various bias conditions. Issues such as modula-
tion efficiency, passband bandwidth, noise, and intermodulation
distortion are addressed. A system implementation of resonant
modulation is presented in which two simultaneous 2.5-Mb/s
BPSK channels centered at a subcarrier frequency of 41 GHz is
transmitted over 400 m of single-mode fiber. Simple microstrip
matching circuits are fabricated at 41 GHz to couple the mm-
wave signals into the laser. Resonant modulation of single-contact
lasers is also reported. Next, implementation of a tunable mm-
wave (30-300 GHz) optical transmitter based on feedforward
optical modulation is presented, and the fundamental perfor-
mance of this technique investigated in terms of noise and
dynamic range. Feedforward modulation is used to transmit
300-Mb/s data at 39 GHz over 2.2 km of single-mode fiber.
Finally, a passively mode-locked monolithic semiconductor laser
operating in an optoelectronic phase-locked loop is implemented
as a narrowband mm-wave optical transmitter at 46 GHz. The
phase-locked loop bandwidth, mm-wave tracking capability, and
fundamental limit to the stability of the mm-wave subcarrier
is established. The relative merits of the three techniques are
discussed and compared. The mm-wave subcarrier transmission
results presented here represent the highest reported to date.

I. INTRODUCTION

PTICAL FIBER links capable of efficiently transporting
mm-wave (>30 GHz) signals in applications such as
indoor mm-wave fiber-fed picocellular networks, wireless mm-
wave cable-television systems, and phased-array antenna net-
works has recently attracted considerable interest [1]-[6]. Fu-
ture deployment of a fiber infrastructure in these systems rests
primarily upon the availability of low-cost mm-wave optical
transmitters. A semiconductor quantum-well laser with a direct
modulation bandwidth of 30 GHz has been demonstrated [7],
but it remains unclear what the prospects are for semiconductor
lasers with direct modulation bandwidths exceeding 30 GHz.
Traveling-wave external modulators with electrical bandwidths
exceeding 35 GHz have been reported, but they suffer from
high optical insertion loss, high drive voltage, and aging [8],
[9]. Noting that most mm-wave applications require only a
relatively narrow bandwidth centered at a high frequency,
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alternate means have been and are currently being pursued
that bypass the direct modulation bandwidth limitations of
existing devices. One method uses active mode-locking of
a semiconductor laser coupled to an external cavity, creat-
ing a narrowband resonantly enhanced transmission window
at multiples of the cavity round-trip frequency [10], [11].
Transmission of a single channel at 40 Mb/s centered at
a subcarrier frequency of 35 GHz was demonstrated using
this technique [12]. Monolithic semiconductor lasers, on the
other hand, have typical cleaved lengths leading to intermodal
frequencies in the mm-wave region [13], [14]. This makes it
possible for simple, efficient mm-wave optical transmitters to
be built having a narrowband (<1 GHz) modulation response
centered at frequencies up to 100 GHz [14], [15]. Optical
transmission of a single, narrowband (50 Mb/s) channel at 45
GHz was demonstrated using resonant modulation of a low-
frequency (direct modulation bandwidth <5 GHz) multiple-
contact solitary semiconductor laser diode [15].

Feedback approaches combining optical heterodyning and
optoelectronic phase-locked loops have also been considered
for transmitting narrowband microwave and mm-wave sub-
carriers [16], [17]. It is inherently difficult to extend the
bandwidth of any feedback technique much beyond 100 MHz
due to feedback delay. Precise control of the feedback delay
has led to a phase-locked loop bandwidth of 180 MHz at 18
GHz [16]. In a previous letter, we reported implementation of
a narrowband optoelectronic phased-locked loop to stabilize
the intensity oscillations of a passively mode-locked laser
at 41 GHz [18]. Feedforward, as opposed to feedback error
correction, has also been investigated. Feedforward modula-
tors eliminate the bandwidth limitations inherent in feedback
techniques such as phase-locked loops. A tunable mm-wave
transmitter based on feedforward error correction was recently
reported [19]. ‘

In this paper, we describe in detail and compare the per-
formance of mm-wave optical transmitters based on resonant
modulation of monolithic semiconductor lasers, feedforward
modulation, and a passively mode-locked laser operating in
an optoelectronic phase-locked loop. Emphasis is placed on
narrowband resonant modulation using monolithic semicon-
ductor laser diodes. In Section II, the modulation response and
two-tone dynamic range of multiple-contact semiconductor
lasers is characterized as a function of bias at the cavity
round-trip frequency. We discuss details of a multichannel
system implementation of resonant modulation in which two
signals centered around 41 GHz with 2.5 Mb/s BPSK data are
transmitted over 400 m of optical fiber. Resonant modulation
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Fig. 1. (a) Monolithic semiconductor laser of cavity length L. Modulation is

applied to only a part of the laser cavity. (b) Measured low and high-frequency
modulation response of the monolithic semiconductor laser in (a) at a cavity
round-trip frequency of 45 GHz.

of single-contact laser structures is also demonstrated. In
Section III, we describe the implementation of a mm-wave
optical transmitter based on feedforward optical modulation
and establish the limits to this technique in terms of noise
and dynamic range. Details of a subcarrier lightwave link
transmitting 300 Mb/s data at 39 GHz using feedforward
modulation is discussed. Section IV considers the use of a

simple optoelectronic phase-locked loop with external optical ,

feedback to stabilize the intensity oscillations at 46 GHz out
of an uncoated monolithic passively mode-locked laser diode.
The fundamental limit of this technique in terms of phase noise
of the mm-wave subcarrier and dynamic range is considered.
The relative merits of the three techniques are discussed and
summarized in Section V.

II. RESONANT MODULATION

A. Principle and Analysis

Fig. 1 illustrates the principle of resonant modulation. The
modulation response for both the low and high frequency
ranges of a multiple-contact GaAs quantum-well laser diode
emitting at 850 nm with a cavity length L ~ 820 pm is
shown. In the low frequency range, the response drops off
beyond a few gigahertz, which is typical of a device of this

cavity length. At the cavity round-trip resonant frequency

of frr = c¢/(2nyL) = 45 GHz (where n, is the group
index), the response peaks up sharply due to the coupling
of longitudinal modes resulting from the applied modula-
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Fig. 2. Measured CNR (at 1 MHz offset) versus absorber voltage at a fixed
gain-section current of /4, = 68 mA. The inset illustrates the suppression of
the noise at 45 GHz due to an applied modulation signal. The scale for the
inset is 5 dB/div.

tion signal. This greatly enhanced narrowband transmission
window in the modulation response is used to efficiently
transmit mm-wave signals over optical fiber. The response
can be further enhanced by incorporating a saturable absorber
section. By adjusting the bias voltage to the absorber, the peak
response can be made higher than that of the conventional
low-frequency response. Fig. 1 shows that the modulation
efficiency at 45 GHz is >10 dB higher than that of a conven-
tional device at dc (below relaxation oscillation). The higher
modulation efficiency is. however. achieved at the expense
of passband bandwidth. A maximum bandwidth of 300 MHz
is obtained under homogeneous current bias, as shown in
Fig. 1. The noise is also higher for the situation corresponding
to a higher modulation efficiency, since the device is now
approaching the passively mode-locked regime and begins to
self-oscillate at the resonant round-trip frequency. As indicated
in [14], [15], the noise is not a constant additive noise as
in a conventional laser intensity noise, but is dependent on
the applied modulation signal power due to injection-locking
effects. This is illustrated in Fig. 2, where the carrier-to-noise
ratio (CNR) is plotted against absorber bias voltage for two
input RF drive powers at a subcarrier frequency of 45 GHz.
Note that a 3-dB increase in RF drive power results in a 4-8 dB
improvement in the CNR, depending on the bias conditions.
The inset shows the suppression of the noise by ~7 dB at 45
GHz due to injection locking for an absorber bias voltage of
Vo = —0.44 V. For resonant modulation, CNR values as high
as 100 dB (1 Hz) have been observed.

The basic approach to describe phenomena related to mod-
ulation at or near the cavity round-trip frequency is based
on coupling between longitudinal modes—the common mode-
locking approach in the frequency domain [20]. Details of the
analysis is provided in [13], [14]. The standard mode-coupling
equations are [14], [20]

. 1 \N1  nG| _ —nG¢
(o) ]

where the Ap’s are longitudinal mode amplitudes, 7,, G,
and g, are, respectively, the photon lifetime, differential gain

(Ap—1+Ax1) (1)
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of the mode at the center of the (parabolic) gain spectrum,
and the relative differential gain of the & mode, with the
form g, = 1/(1 + b%k?); § = Q — Qo is the detuning of
the applied modulation frequency (2) from the intermodal
separation (£2p), assumed to be constant (no dispersion). The
electron density is assumed to take the form

N(r, t) = ng + F(7)2n cos Ut (2)

where a uniform bias over the cavity and modulation is applied
only to part of it [F'(7)]. The factor £ in (1) is the spatial over-
lap integral between F'(#) and two neighboring longitudinal
modes and is given by ¢ = [ F(7)ur(F)ukt1(7) d. Letting
the photon density vary as S(¢) = So(l+pcos Qt), an analytic
solution for the optical modulation depth for homogeneous
bias is given as [13], [14]

4GTpén

=R _2irs G)

The quantity b is the modal discrimination factor and is the
ratio of the intermodal frequency spacing to the effective width
of the gain spectrum b = Qy/wy. To relate n to the applied
modulation current j,, we use (3) in the standard small-signal
electron rate equation and solve self-consistently, yielding the
response for homogeneous bias [14]

4GTp¢
26GSo + 270 + ) +i (W - 225)

p/ia = “
(

The magnitude of this response function is plotted in
(the dashed curves) Fig. 3 at 3y = 27 45 GHz and at
94 GHz with the varying parameter in each plot being b.
In a plain laser cavity, b is determined by the material
gain spectral width, however it is possible to vary wy by
incorporating intracavity frequency-selective elements such as
gratings or coupled cavities. Resonant modulation of a 1.55-
pm, three-section Distributed Bragg Reflector (DBR) laser was
demonstrated recently, and control of b was accomplished by
varying the current into the Bragg section [21].

Figs. 1 and 3 also reveal that substantial improvement in the
modulation efficiency is accomplished by inhomogeneously
biasing the laser. The enhancement in the modulation effi-
ciency is a consequence of the nonlinear gain characteristic
of quantum-well lasers. The modulation response under inho-
mogeneous bias is obtained by performing an analysis very
similar to that of the homogeneous bias case. Equation (3) is
modified to take into account the electron density rate equation
of the absorber [22]. A simple expression for the enhancement
in the modulation efficiency of the inhomogeneously biased
device over its homogeneous counterpart when modulating the
shorter (absorbing) section can be obtained by evaluating the
ratio of the inhomogeneous response function (p/j.)rm to the
homogeneous response (p/j, ) near the resonant peak €2y for
cach biasing scheme. The result is

L (G) -
wxQg G

where G, is the differential gain of the absorber section of
the inhomogeneously biased device and G is the differential

(p/ja)1E
(p/ja)H
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Fig. 3. Theoretical bandpass modulation transfer functions plotted for cavity

round-trip frequencies at 45 and 94 GHz. The plots at 94 GHz are for the same
bias conditions as those at 45 GHz. All response functions are normalized to
the modulation efficiency below relaxation oscillation (at dc). The parameters
for the inhomogeneously biased response functions are a total cavity length
L = 825 pm; an absorber length L, = 200 ym; 7, = 3 ps; overlap integral
for the absorber and gain of £, = &, = 0.22; 7y = 72 = 2 ns. The
unsaturated gain g, = 25 and loss a, = 5. The homogeneous response is
plotted for 7o¢,, = s, 75 = 2 0.5 ns and G = 1.5 - 1072 m3/s. At 94
GHz, L = 400 ym and L, = 100 pm.

gain of the homogeneously biased device (in m® s~1). Values
of G,/G as high as 10 have been reported [23], leading
to a 20-dB enhancement in the modulation efficiency for
inhomogeneous bias. The calculated response functions for
inhomogeneous bias are also plotted in Fig. 3 for a typical
ratio of G, /G = 7. There is good agreement between these
analytical results and the experimental results of Fig. 1 for
modal discrimination factor b ~ 0.1. The passband bandwidth
for both biasing schemes is given by BW = b%/(4xT,), or
approximately 1-2% of the center frequency for typical values
of b. Note that a shift in the peak of the response function is
observed in both the experimental and theoretical of Figs. 1
and 3. Furthermore, it can be shown that the increase in
the modulation efficiency is accompanied by a corresponding
increase in the noise of only G, /G, and a comparable decrease
in the signal-to-intermodulation distortion ratio [22].

B. Dynamic Range and Millimeter-Wave Matching Circuits

To ascertain the dynamic range of resonantly modulated
multiple-contact Fabry-Perot lasers, we use the setup illus-
trated in Fig. 4. The cavity-round trip frequency for the laser
used here is 41 GHz. Two-tone measurements are performed
by first power combining the output of two Gunn oscillators
emitting at 41 GHz and separated by ~1 MHz. Electrical
isolation between the oscillators is >30 dB. The signals are
delivered to the laser with the aid of a single-section microstrip
matching circuit having a magnitude reflection coefficient
[S11], shown in Fig. 5. Laser package and impedance measure-
ments were first obtained with an 8510C network analyzer and
fed into Touchstone to design the matching circuit. Trimming
of the microstrip board was done to obtain a narrowband
match at 41 GHz. A Wiltron 3680V 50 GHz test fixture
secures the board and provides a matched transition between
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Fig. 5. Measured reflection coefficient S11 of the combined laser plus
matching circuit. The matching circuit was fabricated on a 0.18-mm-thick
Duroid board with metallization dimensions (in mullimeters) shown in the
inset.

the microstrip and Wiltron coaxial V-connectors. The power
emitted from the laser is sent through 400 m of single-
mode fiber where it is detected, downconverted to IF and
observed on a spectrum analyzer. The resulting dynamic range
plot is shown in Fig. 6(a). At a modulation efficiency of —5
dB (relative to that below relaxation oscillation), a two-tone
spur-free dynamic range of 66 dB-Hz?/3 is obtained for this
conventional Fabry-Perot laser. It is primarily the enhanced
noise at the round-trip cavity frequency and not the IP3 point
that limits the spur-free dynamic range. It was also observed
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Fig. 6. Measured two-tone dynamic range for a modulation efficiency of (a)
0 dB at 41 GHz. The scale for the inset is 5 dB/div. (b) Two-tone plot for a
spur-free dynamic range of 75 dB-Hz2/3 of a 3-section DBR Jaser described
in [21].

that one can trade off modulation efficiency for dynamic
range. Other structures that incorporate intracavity frequency
selective elements such as gratings are predicted to have a
higher dynamic range at the expense of modulation efficiency
[14]. Fig. 6(b) shows the output of a two-tone test of a tunable
three-section DBR laser at ~45 GHz. The dynamic range for
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this laser was measured to be 75 dB-Hz?/3 [21]. Although 75
dB-Hz?/? is insufficient for conventional AM cable-television
systems, it was shown that for a voice channel bandwidth of
30 kHz, this dynamic range is adequate for supporting up to
five frequency channels in a fiber-fed wireless microcell with
only a 2.5% probability of blocked calls [24].

C. System Implementation of Resonant Modulation

Next, the performance of the transmitter modulated by
two binary-phase shift-keyed (BPSK) subcarrier channels is
ascertained using the same setup illustrated in Fig. 4. The laser
is biased for a modulation efficiency of ~0 dB (relative to dc),
a passband bandwidth of ~200 MHz, and an optical power
of ~2 mW. Two channels, each transmitting pseudorandom
(2% — 1) return-to-zero data at 2.5 Mb/s are upconverted to 41
GHz using a Q-band waveguide mixer and power combined
to modulate the laser. The signals are transmitted over 400 m
of single-mode fiber. At the receiver, the signals are down-
converted to baseband, amplified and sent to an error-rate
tester. The BER versus electrical drive power of channel 1
(centered at ~41.15 GHz) is first measured with channel 2
(centered at ~40.95 GHz) turned off as shown in Fig. 7. The
required RF power drive power to the laser to achieve a BER
of 10~9 for this single channel is —2.5 dBm. With channel 2
activated, an additional 2 dB of RF power (RF power penalty)
is required to keep channel 1 operating at 10~°. Likewise,
the drive power required for channel 2 to operate at 1079
in the presence of channel 1 is 5 dBm. The difference in
RF power between the channels for 1079 operation stems
from injection-locking effects which occur under higher RF
drive power. As illustrated in the inset of Fig. 7, the signal
RF power at channel 1 leads to a higher level of noise at
channel 2 due to injection-locking effects. At lower drive
powers. both channels act independently as evidenced by the
convergence of the BER curves at low drive powers. The effect
on the BER as the RF channel spacing is varied is the subject
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of further investigation [25]. Based on these transmission
results and by taking advantage of conventional wireless time-
division multiplexing techniques in which up to eight users can
share a single channel [1], mm-wave links based on resonant
modulation are adequate for remoting signals from an antenna
serving up to 16 mobile users in an indoor mm-wave radio
environment.

D. Single-Contact Devices

For resonant modulation to occur, the modulating signal
must be applied to only a part of the laser cavity, as designated
by the factor F(7) in (2) above. This is typically facilitated by
splitting the contact of the laser. Recently, it was suggested that
the propagation loss of an applied high-frequency modulation
signal along the contact of the laser may be significant and
needs to be considered at frequencies >20 GHz [26]. In this
section, we show that we can take advantage of the microwave
propagation loss of the applied modulation signal along the
contact of the laser to obtain resonant modulation of a single-
contact semi-conductor diode laser at a cavity round-trip
frequency of ~40 GHz [27]. This is highly significant since a
conventional single-contact device can now be used to perform
resonant modulation or ultra-high frequency mode-locking.
This can considerably simplify the design of narrowband
millimeter-wave transmitters based on resonant modulation of
monolithic semiconductor lasers. In this section, the optical
modulation efficiency at the cavity round-trip frequency is
studied as the modulation is introduced at various points along
the contact of the laser.

Fig. 8(a) illustrates the principle. The inherent microwave
propagation loss (~60 dB/mm at 40 GHz) along the con-
tact of the laser confines the signal current in a narrow
region near the launch point. Confinement of the current at
high frequencies eliminates the need for a second contact.
Modulation response measurements were performed on a
conventional coplanar ridge-waveguide laser diode emitling
at 1 pm with a cavity length L ~1 mm, corresponding to an
intermodal frequency spacing of 40.2 GHz. The modulation
signal is launched into the laser via a coplanar (ground-signal-
ground) microwave probe having a bandwidth of 40 GHz.
The modulation response in the vicinity of the cavity round-
trip frequency is obtained by sweeping a tunable mm-wave
oscillator., Modulation response measurements at two probe
positions along the contact of the laser is shown in Fig. 8(b).
For this laser, a modulation efficiency of —20 dB relative
to that at low frequencies (below relaxation oscillation) was
observed when the probe is placed at L/4 from either edge
(facet) of the laser. This is comparable to that obtained with
split-contact monolithic laser structures under homogeneous
bias.

The optical modulation response given in (4) also applies
to single-contact devices, the only difference being the in-
terpretation of the spatial overlap integral &, also defined
above. We assume that the photon density is small such that
the spatial dependence of the gain modulation F(F) can be
approximated by the injection current /(). The quantity £ is
then given by { = ¢ fOLI (z)cos (Z2) dz and is plotted here
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Fig. 8. Tlustration of the principle of resonant modulation and mode-locking
of a single-contact monolithic semiconductor laser. (a) The microwave propa-
gation loss of the applied modulation current at the round-trip cavity frequency
results in partial cavity modulation and eliminates the need for a second
contact. (b) Measured modulation response in the low and high frequency
range when the modulation feed is positioned at L /4 and L/2 along the laser
contact.

in Fig. 9 as a function of probe position along the contact.
The quantity L is the length of the laser and I(z) is the
normalized spatial dependence of the modulation current. Only
the longitudinal direction is considered. It is assumed that
the modulation current propagating along the cavity attenuates
according to a standard distributed open-ended (with two open
ends) transmission line circuit model shown in the inset of
Fig. 9, with an impedance Z = Z; coth (+I). The quantity -y is
the complex propagation constant and [ is the distance from the
feed point to the nearest open end (facet). The model predicts
that the modulation efficiency is a maximum when probing
at a location approximately L/8 from the edge of the laser.
The plot also shows ¢ calculated by assuming for simplicity
the modulation current confined to a delta-function along the
contact (infinite propagation loss) and is a good approximation
to the standard transmission line model (with finite loss). The
spatial overlap and hence the modulation efficiency is zero
when the probe is positioned exactly at the center of the cavity.
Single-contact lasers can considerably simplify the design of
mm-wave optical transmitters based on resonant modulation.

III. FEEDFORWARD MODULATION

A. Principle and Analysis

Resonant modulation was considered in the last section
as a means of constructing simple narrowband mm-wave
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Fig. 9. Spatial overlap integral for the laser modeled as an open-ended
transmission-line shown in the inset. The values for the transmission line
circuit elements are taken from [26].

optical transmitters using conventional monolithic semicon-
ductor laser diodes. However, once the device length is fixed.
the passband frequency cannot be varied. Some mm-wave
applications require that the center frequency vary over a wide
range (e.g. frequency hopping). In this section, a technique is
described for mm-wave optical modulation where the oper-
ational frequency band can be easily tuned over a span of
tens of GHz. No high-frequency optoelectronic components
are required, with the exception of a high-speed photodetector
(which is a required component in any case for the mm-wave
receiver at the end of the fiber link). The technique is based
on the tunable beat note generated by photo-mixing of two
single-frequency laser diodes. Attempts have been made in the
past to use the photomixed beat note as a variable frequency
RF signal source, but the instability of the beat note due to
the intrinsic phase noise of the lasers, as well as extrinsic
factors, remains an issue for laser diodes and for diode-pumped
YAG lasers. In any event, the beat note so generated is a
relatively noisy RF-carrier (modulated on an optical beam)
that must be encoded with the signal one intends to transmit.
An established method to achieve this is through the use
of a phase-locked loop, although it is inherently difficult
to extend the bandwidth of any feedback technique much
beyond 100 MHz. The technique reported here begins with
a noisy photomixed optical beat note and, through the use of
feedforward compensation, impresses the mm-wave signal on
the optical beam. The ability of this approach to transmit data
with high fidelity will require, in addition to having adequate
small-signal bandwidth, good distortion characteristics under
large signal modulation. Transmission of 300 Mb/s BPSK data
at a carrier frequency of 39 GHz over 2.2 km of single-mode
fiber is demonstrated. Furthermore, these results indicate that
gigabit-per-second rates at sub-carrier frequencies extending
to 100 GHz and beyond is possible with this technique.

The operational principle of the feedforward optical mod-
ulation technique is illustrated in Fig. 10. If we express the
electric field out of each DFB laser as

Eq2(t) = Al,ze‘[“Lﬁ*“f’l,z(t)] )
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Fig. 10. Schematic of the feedforward modulator. Also shown is the noise and signal terms out of the feedforward modulator. The setup was used to
transmit 300 Mb/s data centered at 39 GHz and perform bit-error-rate measurements.

where A is the field amplitude, w the optical frequency and
¢ the time-dependent phase fluctuations that arises from the
finite linewidth of the lasers, then the intensity propagating in
the fibers after the coupler is

I'=I,[1 + kcos (wgt + O(1))] (7
where k = 24, A5/A2 + A% is the modulation depth of the
beat note, wp is the beat note radian frequency, and O(t) is the
stochastic beat-note phase. One of the outputs from the coupler
is detected by a standard high-speed photodetector and the beat
note is mixed with the input mm-wave signal to be transmitted,
which, for the purpose of this analysis, is assumed to be a sine
wave at the frequency wasas as shown in Fig. 10. The laser
optical frequencies are adjusted so that wg is close to, but not
exactly equal, to wasas. The down-converted signal is filtered,
amplified, and sent to the electrical input of a low-frequency
(BW < 5 GHz) external modulator that modulates the light
from the other coupler output. The external modulator only has
to respond to the low frequency down converted signal, not
the high-frequency mm-wave input. Assuming the modulator
is operated in the linear region, its output intensity can be
expressed as [19]

Iout -

1—20(1 + kcos[wpt + O(t)]
~mecos [(wp — warar)t + Ot + 7))

[(2(.03 — w]u]\[)t + @(t + T) + @(t)]

+cos [warart + O(t) — O + ) (8)

where I, is the optical intensity at the external modulator input,
m is the RF modulation depth into the external modulator,
7 is the difference in time delay of the two paths from the
coupler to the external modulator, and wjyras is the angular
frequency of the input signal. The intensity spectrum of (8)
has four components: the low frequency down converted
signal (wp — warar), the beat note (wp), a mixer product
at 2wp — waras, and a replica of the input signal (warar),
all delineated in Fig. 10. This last component at wpsas 1S
the desired signal that we intend to transmit. The others will
be filtered out, either by optical or electrical means. at the
receiver.

The first and last terms in (8) give rise to two additional
noise terms unique to the feedforward modulator (other than
the standard shot and thermal noise which are present in
all analog inks. The laser relative-intensity-noise (RIN) is
not included here since we are operating well above the
relaxation frequency of the lasers). The first term is the beat
note wg, which lies adjacent to the signal frequency waras.
The Lorentzian tail of the beat note wp extends into the
frequency band occupied by the signal wa;as and appears as an
additional source of white noise within the signal bandwidth.
This is illustrated in Fig. 11. which shows a spectrum analyzer
measure ment of the beat note created at 39.6 GHz by
photomixing two 1.3-um DFB laser diodes, and the signal
frequency at 40 GHz. The measurement was taken with a
thermal-noise limited receiver as indicated by the flat noise
floor. The tail of the beat note in this case lies beneath the
thermal noise. As the frequency separation wp = warar — wn
is increased or the RF linewidth Aw of the beat note reduced,
the effect of beat-note “spill-over” noise due to the tail is
diminished. The difference frequency wp is determined solely
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Fig. 11. Measured beat note and mm-wave oscillator tone at 40 GHz using a
thermal-noise limited receiver. Note the tails of the beat note extend below the
thermal-noise and set the fundamental limit to the CNR for the feedforward
modulator. )

TABLE 1
TABLE ILLUSTRATING THE RELATIVE CONTRIBUTION OF EACH NOISE
SOURCE UNIQUE TO THE FEEDFORWARD MODULATION FOR AN
EXTERNAL MODULATOR ELECTRICAL BANDWIDTH OF 8 GHz
(fp = 8 GHz), AND A BEAT-NOTE MODULATION DEPTH m = 1

Av T €7y beat (C/N) delay
1 MHz 1ps 140 dB (1Hz) | 180 dB (1Hz)
10 MHz 10 ps 130 dB (1Hz) | 150 dB (1Hz)

by the data bandwidth. An analytical expression for the CNR
due to the beat-note noise alone is given by [19]

wm? f3

(C/N)beat note — m

(dB) &)

where B is the data bandwidth and fp = wp/2m Av =
Aw/2r. ‘

The second noise term is a result of the delay mismatch
between the two paths from the coupler to the external
modulator. Its effect can be ascertained analytically by taking
the Fourier Transform of the autocorrelation function of the
last term in (8). The power-spectral density in the vicinity of
the signal is

I?

S(w) = 27re|{b'|6(w) e
b

10)

where Av = 1/(wt;) and assuming that |7| < ¢,. Delay
mismat ch noise appears as a noise pedestal in the band
occupied by wasps. The greater the mismatch, the higher the
pedestal. With proper adjustment of 7, the noise pedestal
becomes insignificant compared to typical noise levels in
fiber-optic transmission systems. The CNR due to the delay
mismatch noise is then simply given as

(C/N>delay mismatch = 1/(AV|T|2B) (11)
Table I quantifies, for typical device parameters, the relative
contribution of each noise source considered independently.
The results reveal that beat-note noise sets the fundamental
CNR limit of this technique. '
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Fig. 12. Optical power penalty as a function of bit rate maintaining
BER = 107° The optical power is normalized to that required for
transmission at 150 Mb/s at a BER = 10~°. The inset shows the eye
diagram at 300 Mb/s.

B. Dynamic Range

Dynamic range of the feedforward modulator is considered
next. Referring to Fig. 10, the input mm-wave mixer sets the
upper limit (third-order intercept) of the spur-free dynamic
range. The lower limit (noise) is determined by the beat-
note noise. As discussed above, the beat-note noise is a
function of the difference frequency wp, between the beat-note
frequency wp and the center frequency of the signal wpsps to
be transmitted. From Table I, the noise due to the beat note
is approximately —140 dBc/Hz for typical values. A typical
third-order intercept power for the mm-wave mixer is-5 dBm.
Based on these numbers, an estimate of ~100 dB-Hz?/® is
obtained for the spur-free dynamic range of the feedforward
modulator:

C. System Implementation

Data transmission using this technique is demonstrated
with the setup shown in Fig. 10 [28]. A beat note at 36.5
GHz generated by photomixing two 1.3-um DFB lasers is
electrically mixed with the input mm-wave signal, which is
centered at 39 GHz and is BPSK modulated at 150-300 Mb/s.
The resulting IF “error” signal at 39.0-36.5 = 2.5 GHz is fed
forward to an external optical modulator, which impresses the
BPSK modulated mm-wave carrier at its output. The optical
signal out of the feedforward modulator is transmitted through:
2.2 km of single-mode optical fiber and detected by a high-
speed photodiode. BER measurements are done after the signal
is downconverted to bascband, amplified, low-pass filtered,
and sent to the error-rate tester. The system is first adjusted to
achieve a BER = 1072 at 150 Mb/s, with a required optical
power at the receiver of —9.8 dBm for the thermal-noise
limited receiver. To demonstrate transmission at >150 Mb/s,
we plot the optical power penalty as a function of bit rate,
with BER fixed at 10~%. As shown in Fig. 12, an additional
1.2 dBm of optical power is required to transmit at 300 Mb/s.
The inset shows the received eye diagram at 300 Mb/s at a
BER = 1079,

" From the above system experiment, it is clear that the
photomixed beat note can be easily adjusted to any frequency
within a few hundred gigahertz. The maximum carrier fre-
quency in the feedforward transmitter is therefore limited
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Fig. 13. Schematic of the optoelectronic phase-locked loop used to stabilize the fundamental frequency of a passively mode-locked laser at 46.8 GHz.

only by the bandwidth of the photodetector (40 GHz in our.
case). The data rate on the other hand is limited by the
electrical bandwidth of the low-frequency extérnal modulator,
as discussed earlier. Photodetectors with bandwidths in excess
of 100 GHz have been demonstrated ‘and: external modula-
tors with bandwidths >20 GHz are commercially available.
Therefore, gigabit data rates at carrier frequencies >100 GHz
is possible. As an example, for transmission of a 5 Gb/s
signal centered at fa;ps =100 GHz; one would use an external
modulator with a bandwidth of 10 GHz. The beat note should
then be adjusted such that fg — fasar is S GHz (to allow for
lower and upper sidebands of the data signal).

IV. OPTOELECTRONIC PHASE-LOCKED LOOP

A. Principle and Analysis

In this section, we demonstrate an alternative technique,
namely, the use of an optoelectronic phase-locked loop (PLL)
in conjunction with a passively “'mode-locked laser diode
for optical transmission of stable mm-wave signals over a
narrow band. The technique involves the use of a single, low-
frequency (direct modulation bandwidth <1 GHz) multiple-
contact monolithic semiconductor laser, and in principle can be
‘used for lasers passively mode-locked at frequencies extending
to 100 GHz and beyond.

The experimental setup of the phase-locked loop-is illus-
trated in Fig. 13. The passively mode-locked laser (MLL) is
a multisection, quantum-well laser emitting at 850 nm with a
cavity length of ~810 pm, corresponding to a cavity round-
trip frequency of 46.8 GHz. One of the sections (shorter)
forms the saturated absorber and the longer section provides
gain. The mode-locked laser serves as the voltage-controlled
oscillator (VCO) to be stabilized by the PLL. Gain (in MHz/V)
of the mode-locked laser is characterized first to- ascertain
its viability as a VCO. The mode-locked laser fundamental

frequency versus versus absorber voltage is measured, and the
characteristic is found to linear with a slope of approximately
10-20 MHz/V over the range of absorber voltages used in
the experiment [18]. Referring to Fig. 13, the collimated light

from the laser was split into two paths, one providing for

optical feedback to control the free-running passively mode-
locked linewidth and the other focused onto a high-speed
photodetector. The detected signal is first downconverted to an
intermediate frequency, amplified, and sent to another mixer
for downconversion to baseband. The baseband signal is now
the loop error signal. The stability of the reference oscillator
was measured to be < —104 dBc/Hz (at 100 kHz offset). The
error signal was passed through an active filter (integrator)
with a transfer function

(12)

- -
F(a)) = '77&)7_2 + 1)

—F0)| =
( \JwTy + 1

where 7, = 45.47x107% s, 7y = 3.88x107% s, and F'(0) = 43
dB. All other relevant loop parameters are itemized in Table II.
The loop filter output was used to control the MLL pulsation
frequency by modulating the absorber, thus forming a second-
order PLL. With a free-running MLL RF linewidth of Ay =
270 kHz, the loop was activated and the measured single
side-band (SSB) phase-noise density at 46.8 GHz is shown
in Fig. 14. The phase noise is approximately —75 dBc/Hz at
an offset frequency 100 kHz from the carrier.

The stability of the locked signal is highly dependent on the
free-running linewidth Av of the MLL fundamental pulsation
frequency. With the assistance of optical feedback [29] from
the external mirror, we achieved a Ar = 30 kHz and observed
an improved phase noise of —100 dBc/Hz (at 100 kHz
offset) as shown in Fig. 15. This is comparable to the lowest
phase noise density achieved using hybrid mode-locking at
a much lower cavity round-trip frequency [30]. However, it
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Fig. 14. Single sideband phase noise density as a function of offset frequency

from the 46.8 GHz carrier. The nset shows the locked spectrum for a Av =
30 kHz.

TABLE 1I
SUMMARY OF PHASED-LOCKED LOOP PARAMETERS
Loop Parameter Symbol Value
Loop Bandwidth £, 1.3 MHz
Loop Gain K 1.4x10” rad/s
Damping Coefficient 4 0.44
Natura! Frequency 0, 19 Mrad/s
Loop Delay Ty ~ 20ns
MLL RF Linewidth Av 770 kHz
Absorber Voltage v, -0.63V
Gain Current 1g 52 9mA
Phase-Error Variance ci 045 rad?

was difficult to maintain lock under this situation due to the
stability of the loop in the presence of optical feedback.

For the optoelectronic phase-locked loop to function as a
mm-wave optical transmitter, the loop must be able to track
the input mm-wave signal to be transmitted. Tracking of the
carrier was observed over ~10 MHz. Thus, the loop may be
used as a narrowband millimeter-wave transmitter with data
rates <10 Mbf/s. Fig. 15 illustrates tracking of the stabilized
fundamental frequency over a range of 1 MHz for a second
laser passively mode-locked at 41 GHz [18].

Siabilization of the MLL using a PLL is only effective if
the free-running linewidth Av is sufficiently small. Due to the
large delay in the loop (20 ns), locking of the mode-locked
signal to the external reference was not possible for Ay >
1 MHz. Wider linewidths lead to an increase in L(f) [31].
The fundamental limit to the stability of the mm-wave carrier
using this PLL approach can be determined as follows: With
lock, the output phase spectral density is given by [32]

Ss. () = Ss. (NH ()P + Su(HIHS)
+Sou (HIL= H(NIF (13)
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oscillator is tuned over ~1 MHz.

where Sy, (f) is the phase noise spectral density of the
reference oscillator, S, (f) represents the single-sided white
noise spectral density of the loop error signal and is 2N, /V,2
[32]. The quantity 2N, is the single-sided white noise at
the detector and is predominantly thermal. Thus, 2N, =
4kTF/R,, where F is the noise factor of the receiver and
R, = 50 Q. The voltage V, = \/i(Iph~ 50 €2), where I,
is the detected photocurrent. The phase noise of the free-
running mode-locked signal is Syarr(f) = Av/(nf?). The
closed-loop transfer function is

H(f) = Tt 3% b
f n f + J2£f f n
for an ideal second-order loop with zero loop delay [32].
The frequency f, is the PLL natural frequency and £ is the
damping. The last two terms in (13) represent the SSB phase
noise density while the first term represents the locked signal.
If we consider the limit imposed by the free-running mode-
locked signal linewidth, then the SSB phase noise density
is

(14)

L(f)pn = (Avf?)/n f,

where f is the offset frequency from the carrier. For a typical
PLL with f,, = 3 MHz, it is necessary to maintain Ay <
100 kHz in order that L(f) < —110 dBc/Hz at an offset
frequency of 100 kHz. For small RF linewidths Avr and/or
offset frequencies very close to the carrier, then the white
noise dominates and

L(f)wn = 2N, /V} =

(15)

(2KTF)
(RP,)2R,’
For typical values of optical power P, = 0.5 mW; R = 0.20

A/W; noise factor I' = 10; a limit of L(f)wy < —120
dBc/Hz can be achieved.

B. Dynamic Range

Dynamic range for the optoelectronic phase-lock loop is
determined by the input mm-wave mixer and the noise under
the phase-locked condition. With lock, —100 dBc¢/Hz was
obtained with this technique, for a spur-free dynamic range
of ~70 dB-Hz?/®. This is comparable to the dynamic
range measured for resonant modulation. Based on the above
analysis, however, a higher dynamic range is possible with
careful consideration to minimize loop delay and the free-
running mode-locked RF frequency linewidth.
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TABLE III
COMPARISON OF THE THREE MM-WAVE OPTICAL TRANSMITTERS
Technique furer | Bandwidth | Tunability | SFDRdp) | Desreeof
amner Complexity

Resonant
Modulation < 100GHz <1GHz None <75 Low
Feedforward
Modulation <300 GHz <20GHz <300 GHz > 100 High
Phase-locked Loop | < 100GHz < 10MHz None > 170 Moderate

V. COMPARISON OF TRANSMISSION TECHNIQUES

Table III summarizes and compares the results of the three
techniques. Resonant modulation is the simplest technique to
implement, since it involves the use of only a single, ordinary
semiconductor laser. Whether the spur-free dynamic range
(SFDR, measured in a 1 Hz bandwidth) of resonant modulation
and the phase-locked loop results in a performance compro-
mise at the system level depends on the system architecture.
As discussed above, dynamic range is not an issue when
considering fiber-fed indoor mm-wave picocellular networks,
since two channels can be time-multiplexed. On the other
hand, in multichannel analog transmission systems, the low
dynamic range may limit the number of users. Millimeter-
wave wireless cable-television systems (with fiber-fed head-
end antennas) utilizing FM will substantially alleviate the high
dynamic range required of conventional AM systems [33]. The
distortion is not a consideration in single-tone systems, where,
for example, a mm-wave tone is used to synchronize spatially
distributed phased-array antennas. It should be pointed out that
the use of a predistortion circuit can increase the dynamic
range of the resonant modulation transmitter by 10 dB over
a narrow band. The feed-forward modulator, although high
in component count, is the most flexible mm-wave optical
transmitter and offers a dynamic range comparable to that
of external modulators and tunability not possible with the
other two techniques. In addition, all components in the
feedforward modulator are Optoelectronic Integrated Circuit
(OEIC) compatible. For most mm-wave applications, however,
the center frequency remains fixed, and a passband bandwidth
of several hundred megahertz is usually sufficient. Resonant
modulation thus appears to be the optimum choice considering
its simplicity.

VI. CONCLUSION

We have presented the implementation and analysis of
three novel techniques used to transmit narrowband mm-wave
signals over optical fiber. Practical issues such as narrowband
matching of the laser at mm-wave frequencies, dynamic range,
noise, and modulation response were considered in detail for
resonant modulation of multiple contact, devices. Resonant
modulation of single-contact devices was also demonstrated
and can have a significant impact on the design of single
monolithic lasers at mm-wave frequencies for both mm-wave
signal transmission and ultra-high frequency mode-locking. A
two-channel system implementation of resonant modulation

was performed in which two simultaneous users at 41 GHz
were transmitted over 400 m of optical fiber.

A novel frequency-agile mm-wave transmitter based on
feedforward modulation was also implemented. The funda-
mental limit to the noise and dynamic range was considered,
and a system demonstration in which 300 Mb/s at 39 GHz
was transmitted over 2.2 km of fiber. Although possessing a
high component count, the feedforward modulator provides
a high dynamic range and can potentially provide transmis-
sion of multigigabit data at carrier frequencies beyond 300
GHz. All components in the feedforward modulator are OEIC
compatible.

Operation of a simple optoelectronic phase-locked loop to
stabilize the fundamental frequency of a single, low-frequency
quantum-well laser passively mode-ocked at mm-wave fre-
quencies was demonstrated. Phaselocking at 46.8 GHz to an
external reference oscillator resulted in a phase-noise density
of —100 dBc/Hz. Fundamental limits using this approach was
considered. The tracking capability and loop bandwidth was
discussed for the phase-locked loop operating as a narrowband
mm-wave optical transmitter.

The relative merits of the three techniques were discussed
in terms of maximum carrier frequency, passband bandwidth,
tunability, dynamic range, and degree of complexity. The mm-
wave subcarrier transmission results presented in this paper
are the highest reported to date.
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