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Abstract—We demonstrate a new technique for improving the
linearity of a microwave photonic signal transmission link. The
method employs a single conventional lithium-niobate phase mod-
ulator at the transmitter, with two different C-band optical wave-
lengths that are polarized along orthogonal axes of the modulator.
The spurious-free dynamic range is shown to improve by 15 dB
compared to a single-wavelength unlinearized system. Unlike ear-
lier schemes that require continuous control and adjustment at the
transmitter in order to maintain linearity, the new method enables
all of the linearization to be controlled at the receiver end.

Index Terms—Analog optical links, microwave photonics inter-
modulation distortion, phase modulation, polarization.

I. INTRODUCTION

ECENT improvements in LiNbOj; modulator and

photodetector technologies have renewed interest in
high-performance radio-over-fiber applications using external
electrooptic modulators [1]-[3]. However, the spurious-free
dynamic range (SFDR) of these links is still limited by the
in-band third-order intermodulation distortion (IMD) products
caused by the nonlinear transfer function of the Mach—Zehnder
modulator (MZM) [4].

Phase-modulated links offer several advantages in compar-
ison to MZM-based links for transmitting analog radio signals
over fiber [5], [6]. Although they too exhibit third-order IMD
as a result of the detection process [7]-[9], the benefits of
optical phase modulation can make it an attractive alternative.
Phase modulators require no biasing or other external control at
the modulator, which improves the reliability, simplicity, size,
weight, and power of the transmitter. This can be an important
advantage in antenna remoting applications. The constant op-
tical power within the fiber can mitigate the effects of crosstalk
[10], which is advantageous if the link is multiplexed in a single
fiber with other wavelength channels.

Despite these advantages, comparatively little work has been
done to develop linearized phase-modulated analog links. One
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reason is that phase-modulated links generally require a more
complex receiver architecture. In an antenna remoting scenario,
however, the receiver is in a protected environment, and one is
often willing to accept a more complex receiver in order to sim-
plify the transmitter. The receiver architecture for the phase-
modulated system described here can utilize balanced detec-
tion to suppress common-mode intensity noise, without neces-
sitating a dual-fiber run from the modulator as is necessary for
a MZM-based link.

Here, we present a technique to linearize the phase-modulated
signal so the suboctave instantaneous bandwidth SFDR is lim-
ited not by third-order, but by the smaller fifth-order terms of the
IMD products. The link presented here uses a technique similar
in concept to [11]-[14] in order to linearize the recovered mi-
crowave signal by suppressing the third-order term of the IMD,
but adapts the technique for use in a phase-modulated link.

II. THEORY

Fig. 1 depicts the setup used to demonstrate linearized elec-
trooptic phase modulation. As in an earlier scheme, the method
makes use of the fact that in lithium niobate, as in many other
electrooptic materials, the electrooptic coefficient is different
for the two polarization states [13]-[16]. When two different
optical wavelengths are launched along the TE and TM axes
of the phase modulator, as in Fig. 1, they are each modulated
by different amounts. The two wavelengths are demultiplexed
at the receiver and each one is separately demodulated in an
asymmetric-delay Mach—Zehnder interferometer (MZI) with
balanced photoreceivers [8]. When properly biased, the MZI
converts phase modulation into intensity modulation, providing
a simpler receiver architecture than the heterodyne system
reported in [15], [16]. The demodulated microwave signals
are then subtracted using a 180°-hybrid coupler. Linearization
is achieived by adjusting the relative intensities of the two
wavelengths in a way that cancels out the third-order intermod-
ulation distortion.

The optical field in the upper (TM) path of the receiver im-
mediately before the MZI is described by a phase-modulated
optical carrier

ua(t) = /Py edwoteidalt) 1)

where P4 denotes the optical power in the TM channel, w4
is the optical carrier frequency, and ¢ 4 () represents the phase
modulation that is imposed on the TM polarized signal. To sim-
plify the analysis, we have chosen to normalize the optical field
so that |u 4 |? represents the total optical power.
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Fig. 1. (a) Schematic diagram of dual-wavelength linearized phase modulated
link. (b) The two wavelengths A 4 and A g are combined in a polarization-main-
taining coupler, and launched along the TM and TE polarization axes of the
modulator, respectively.

After passing through the asymmetric MZI, the differential
photocurrent 4 4 (¢) at the output of the balanced detector is cal-
culated to be [9]

iat) = —RPycoslpa(t —7) = dalt) = do] @

where R is the responsivity of the photodiodes, T repre-
sents group-delay difference between the two arms of the
Mach—Zehnder interferometer, and ¢q is the net optical phase
difference between the two arms, evaluated at the carrier fre-
quency w 4. If the interferometer is biased at quadrature, such
that ¢g = —m /2, this relationship simplifies to

’iA(t):RPASin[¢A(t)—¢A(t—T)]. (3)

Quadrature biasing ensures that the average dc photocurrents
in the two detectors remain balanced and equal to R P4 /2. Bi-
asing away from quadrature will not prevent suppression of the
third-order IMD term [17], but does lessen the suppression of
common-mode noise and, for an intensity-noise dominated link,
may decrease SFDR as a result of the elevated noise floor. Non-
quadrature biasing also gives rise to even-order distortions that
can limit useful application of this technique to suboctave sig-
nals.

We now assume that the phase modulator is driven by a sinu-
soidal microwave tone with frequency (2

v(t) = Vg cos Qt. @
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Given this driving signal, the electrooptic modulator imposes a
phase modulation of

Vo

da(t) =mcosQt, m wm 3)

where m denotes the phase modulation depth (in radians) and

Vﬁ(TM) is the half-wave voltage for the TM-polarization.
Optimal receiver performance is obtained by choosing 7 =

/€ [8], in which case the differential photocurrent evaluates

to

i4(t) = RP4sin(2m cos Qt). (6)

The TE-polarized wave (Ap) experiences a similar phase
modulation, but the modulation depth is reduced by a factor of
~ compared to the TM case

(TM)

™

¢p(t) = ymcos Qt,

For LiNbO3 as well as for many poled electrooptic polymers,
we expect

®)

The differential photocurrent for the TE-polarized channel is
then

ip(t) = RPp sin(2ym cos Q) )

where we have assumed that the TE-receiver is also biased at
quadrature and configured so that 7 = 7 /().

The 180° microwave hybrid produces an output signal pro-
portional to the difference 14 — ip

ia(t)—ip(t)
V2
:% [P4 sin(2m cos Qt) — Pg sin(2ym cos t)] . (11)

7

By applying the Bessel function expansion

ia(t)= (10)

sin(z cosf) = 2.J;(z) cost — 2J3(z)cos30 + ...  (12)

the component of the output photocurrent at the modulation fre-
quency £ is found to be

in = V2R [P4Ji(2m) — PgJy(2ym)] cosQt +.... (13)
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Performing a power series expansion of J;(2m), retaining
terms up to third order in m, one finds

3
in = V2R |m(P,4 —'yPB)—f—mT(PA—fy?’PB) cosQt + ...

(14)
The nonlinear terms proportional to m? can be eliminated by
adjusting the optical powers P4 and Pp so that

Pys=7"Pp 15)
in which case the leading nonlinear terms are proportional to m>
[12], [13], [18]. As with any method that depends on canceling
nonlinear terms, successful suppression of the third-order term
is dependent upon precise control of the ratio of optical powers.
Small deviations from the ideal ratio decrease the amount of
suppression very quickly [19]. The linearization method pre-
sented here is notable in that this ratio can be controlled at the
receiver rather than the transmitter.
The linearized output photocurrent is then given by

in = —2v2Igy(1 —v*)mcos Qt + ... (16)
where Ig = RPpg/2 is the average dc photocurrent for each
of the photodiodes in the TE receiver. We note that when lin-
earized according to (15), the optical power in the TM path is
always smaller than the TE power. Therefore, the link gain is in
practice limited by Iz, the maximum dc photocurrent that can
be sustained in the TE-channel photoreceivers.

Assuming the output current ia(¢) is applied through an
impedance of Z,, and the input impedance of the modulator
is Zin, the net RF power gain of the linearized RF link is
calculated to be

I\ 2
Glin = 87T2 <VB> 72<1 - 72)2ZinZout~ (17)
This result should be compared to the non-linearized case, in
which all of the light is launched along the TM polarization. In

this case, Pg = 0, and RF power gain is found to be [9]

T\2
Gy = 872 (V—A> ZinZout- (18)

For the nonlinearized case, the attainable RF power gain is
limited by 4, the maximum sustainable photocurrent in the
TM-channel photodiodes. To simplify the comparison with
experiment we have retained the 180° hybrid in the TM-only
calculation, although removing this component could yield a
3-dB increase in gain for the nonlinearized case. It should also
be noted that the calculations here assume the photodiodes are
not internally terminated; internal 50-C2 termination decreases
the gain by a factor of 1/4.

The attainable link gain for the linearized case is reduced by
the factor of v2(1 — 2) ? compared to the linearized case, which
evaluates to 10.5-dB reduction when v = 1/3. This penalty
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could be reduced to 8.3 dB for the optimal case of v = 1/1/3.
Despite this penalty, the linearized system offers suppression
of the dominant third-order nonlinear distortion, which signifi-
cantly improves the dynamic range of the link.

The preceding analysis can be extended to the case when the
input signal is comprised of two closely spaced RF tones

v(t) = Vo cos(Qt) + Vo cos(Qat). (19)

In addition to €2; and 29, the output current 25 will contain
intermodulation terms at the frequencies 2€2; — €25 and 2Q5 —
Q1. By applying standard Bessel-series expansions, i o is found,
after some algebraic manipulation, to be

ia(t) = V2R [PaJi(2m)Jy(2m)
— PpJ;(2ym)Jy(2ym)] cos Q1 t
— V2R [PaJs(2m)J1(2m)
— P Jy(2ym)J1(2ym)] cos(2€2; — Qo)t

+ similar terms at 25 and 2€25 — 4 (20)

where we define m = 7V;/ VW(TM), just as in the single-tone
case.

In the limit of small m, the Bessel functions can be Taylor-
series expanded to give

ia(t) =V2Rm(Py — vPg) cos it
3

m
- \/§R 7<PA — ’YSPB>
5m®
_T(PA — P Pg) | cos(20 — Q)t

+ similar terms at {25 and 2025 — ;. 21
When the linearization condition (15) is met, the output pho-
tocurrent simplifies to

in(t) = —2v2Ip7y(1 — v*)m cos Qt

5V2
Ipy*(1 -~

G Y’ cos(200 — Qa)t + ...

+

(22)

where Iz = R Pg/2, as before. The intermodulation amplitude
grows in proportion to m®, as expected for a system limited by
fifth-order distortion. The fifth-order intercept point is obtained
by equating the extrapolated fundamental and intermodulation
amplitudes, which gives

1/4
12
mips = <5—72> (23)
which corresponds to an input RF power of
1 (V2 \/§ 1
Pips = — | 5 —— 24
s = (Zin) 57 (24)

per tone.
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For a system limited by fifth order intermodulation distortion,
the spurious-free dynamic range (SFDR) is calculated to be

Giin Prips > 4/ 25)

SFDR; = < N
0

where S is the power spectral density of output noise, B is the
receiver bandwidth, and Gy, is the linearized gain given in (17).
For the nonlinearized (TM-only) system, the intermodulation
amplitudes grow in proportion to m3, and becomes equal in
magnitude to the fundamental amplitude when m = /2. The
corresponding input-referenced third-order intercept point is

A%
Prp3 = = <Zin> (26)
and the third-order limited SFDR is
GrniPups \ 2
SFDR3 = | ————= 27
3 < 5o ) 27

where G'T) is the nonlinearized gain given in (18).

III. EXPERIMENT

Two 20-mW telecom-grade distributed feedback (DFB)
lasers with linewidths of approximately 2 MHz were used as
sources for the link, and amplified with polarization-main-
taining erbium-doped fiber amplifiers having an optical noise
figure of 4.5 dB. One wavelength (A4 = 1554.94 nm) was
launched conventionally into the slow axis of a polariza-
tion-maintaining fiber (PMF), which was coupled to the
vertical, or TM, axis of the optical phase modulator. The other
wavelength (Ap = 1552.52 nm) was launched into the fast
axis of a PMF via a 90° splice, polarization multiplexed with
A4 in a PM coupler, and ultimately fed into the horizontal (TE)
axis of the modulator, as depicted in Fig. 1(b). Thus, each axis
of the modulator was illuminated with a different wavelength,
with >24 dB of isolation measured between the axes at the
modulator input. The modulator output consisted then of two
wavelengths, each modulated to a different depth owing to the
anisotropic electrooptic coefficients for the z and z axes of
LiNbOs.

There is no specific amount of polarization isolation or spec-
tral isolation required to achieve suppression of the third-order
distortion. Suppression is dependent on the existence of two dif-
ferent modulator transfer functions; any difference will allow
suppression to occur, albeit with different gain. Imperfect iso-
lation between the two wavelength or polarization states in the
system modifies the effective value of v and can be compen-
sated by adjusting the power splitting ratio at the receiver per
(15), with a change in SFDR in accordance with (17), (24), and
(25).

The modulator was a commercial z-cut, Ti-indiffused
LiNbO3 phase modulator with PMF input pigtail and SMF
output pigtail, and a V; of 3.25 V at 5 GHz for the TM polariza-
tion. Nominally, the V. for the TE axis should be approximately
three times larger, but was experimentally measured to be ap-
proximately 4.25 times larger (v = 1/4.25) in this device. We
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believe that the lower than expected modulation efficiency for
TE polarization may be a result of increased TE mode size
within the Ti-diffused waveguide, resulting in a lower overlap
between the RF and optical fields.

At the receiver, the wavelengths were separated in a commer-
cial WDM demultiplexer. Variable optical attenuators (VOAs)
were used on each wavelength prior to the demodulation to
achieve the desired ratio of photocurrents dictated by (15).

Two asymmetric-delay MZIs were used to convert phase to
intensity modulation in the receiver. The MZIs here were ther-
mally-tuned all-fiber devices with a 100-ps relative group delay
between the arms. Both MZIs were thermally biased at quadra-
ture and the two complementary outputs were detected through
a balanced photodiode pair. The output RF signals were com-
bined in antiphase by the A output of the RF hybrid. Equiv-
alently, the MZIs could be set to opposite bias points and the
summation output of a hybrid could be used. The photodetec-
tors were identical balanced detectors with internal 50-€2 resis-
tors and a 1-dB compression current of 7-mA per diode.

As detailed in [9], the MZI has a periodic transmission func-
tion, which limits microwave frequency range over which it can
be used to demodulate the signal. For the 100-ps MZI biased at
quadrature, the optimal modulation frequency is approximately
5 GHz in order to satisfy the condition Q7 = 7.

The group delays of the optical paths to each detector were
matched to within 2 ps for optimal differential detection and
common-mode RIN suppression at each wavelength. The RF
output from each balanced detector through the A port of the
hybrid was balanced to within five degrees of 180° for IMD
suppression. Equalizing the delays in this way can also compen-
sate for the birefringent group delay difference between the TE
and TM polarization states in the electrooptic modulator, which
could become significant at higher frequencies and for longer
device lengths.

This provides a relatively simple receiver architecture in com-
parison to a heterodyne receiver [15]. An important feature of
this receiver architecture is that the relative powers of the TE
and TM polarizations can be adjusted at the receiver in order to
achieve and maintain linearization, with no additional control
or complexity at the transmitter. Unlike in earlier approaches,
in which a single input wavelength was polarized at an oblique
angle to the modulator axes [15], the approach reported here
uses an input PM fiber that is co-aligned with the waveguide.
Moreover, the dual-wavelength scheme greatly facilitates sepa-
ration of the two polarization states at the receiver and allows
standard single-mode fiber (SMF) to be used between the mod-
ulator and receiver.

IV. RESULTS

Results from two-tone testing with tones at 4.7 and 4.9 GHz
are shown in Fig. 2. The squares are the measured fundamental
tone and IMD powers for TM modulation only, at a dc pho-
tocurrent of 6 mA per detector. For this measurement, the TE
wavelength was fully attenuated at the receiver.

Similarly, the circles show the measured results when the link
is linearized. For this setup, the TE wavelength’s power was
adjusted to give 6 mA of dc photocurrent per diode, and the
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Fig. 2. Plot of measured and calculated signal and IMD powers for TM-only
(blue squares) and linearized (green circles) configurations, showing third-order
suppression. The fundamental tones are 4.7 and 4.9 GHz. The solid lines indi-
cate calculated curves, adjusted for the experimentally determined electrooptic
ratio v excess RF loss. All measurements were performed using a resolution
bandwidth of 10 kHz.

TM optical power was attenuated until the IMD measurements
varied with a slope of five on a log—log plot, indicating fifth-
order limited performance. Had the modulator’s y been 1/3, the
TM optical power should have been the expected 13 dB below
the TE power. Because of the different v, however (determined
earlier to be 1/4.25), the actual TM optical power was 18 dB
below the TE power. Additionally, the RF gain was measured
to be 12.5 dB below the TM-only measurement, in contrast to
the expected 10.5 dB.

The output noise power spectral density was measured to
be —155 dBm/Hz, and primarily limited by phase-to-intensity
noise conversion of the source lasers and EFDA ASE in the
MZIs [7], [9]. The balanced detectors suppress the intensity
component of common-mode noise but the MZIs expose the
phase component [20], which cannot be suppressed by balanced
detection. Narrower linewidth source lasers, as demonstrated in
[9], could reduce the phase-to-intensity noise.

When the experimentally determined y of 1/4.25 and approx-
imately 6 dB of excess RF loss are accounted for, the measured
data are in good agreement with the calculated predictions from
(17) and (25).

Table I summarizes the measured and calculated performance
metrics in columns 1 and 2, respectively, for both TM-only and
linearized configurations. The measured improvement in SFDR
due to suppression of the third-order term in the IMD was 15 dB,
in agreement with theory when the 6 dB excess loss is taken into
account. The measurement bandwidth was 10 kHz, although the
SFDR has been normalized to a 1-Hz bandwidth for ease of
comparison to other links.

From Fig. 2, one can see that despite the penalty in net link
gain, the dynamic range of the linearized system always ex-
ceeds that of the conventional system. In the linearized case,
the intermodulation products exhibit a fifth-order dependence
on the input power, and therefore the improvement in SFDR
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TABLE I
MEASURED AND PROJECTED LINK PERFORMANCE

Meas. | Cale. | v =1/3 | high-perf.
Vi (Volts) 325 325 3.25 1
~2 1/425 | 1/4.25 13 1/3
ipcP(mA) 6 6 6 40
shot limit® N N Y Y
TM-only:
gain (dB) -15.0 | -13.7 -1 19.0
IIP3 (dBm) 11.0 13.3 13.3 3.1
SDFR (dB/Hz2/3) | 1007 | 103.1 110.4 116
Linearized:
gain (dB) 275 | -26.7 -18.3 8.4
IIP5 (dBm) 16.0 18.5 17.0 6.8
SDFR (dB/Hz*/%) 115 117.4 127.7 133.6

2 7 is defined as the ratio V(T™M) /T (TE)

b Average dc photocurrent, per detector.

¢ Indicates whether the link is (projected to be) operating in the shot-noise
limit. The first two columns were evaluated using the experimentally
measured noise floor while the last two columns assume shot-noise limited
performance.

over the third-order case decreases with increasing noise band-
width. For the experiments reported here, the SFDR improve-
ments for 1-MHz and 100-MHz noise bandwidths were 7 and
4 dB, respectively. Experimental limitations prevented us from
verifying that the intermodulation distortion remains fifth-order
limited at powers below the 10-kHz noise floor. Column 3 lists
the calculated performance had the link achieved the shot-noise
limit, had « been the nominal 1/3 for LiNbOs3, and removing the
excess RF loss.

As a further exercise, performance has also been calculated
in column 4 for a link with state-of-the-art components such as
those described in the introduction. Desired high-performance
device characteristics include sufficiently narrow linewidth
sources to ensure phase-to-intensity noise is below the shot
noise limit, a modulator V;; of 1 V (and v = 1/3), and balanced
detectors (with internal 50 €2 resistors) capable of 40-mA dc
current per detector. With this link, the linearized SFDR would
improve to 133 dB/Hz*/® in the shot-noise limit.

V. CONCLUSION

We have developed the theory for, and experimentally shown,
a linearized fiber optic link with a single commercial optical
phase modulator. This link uses two different wavelengths, one
on each polarization axis of the modulator, to create two copies
of the same signal, modulated to different depths. These two
copies are recombined in the proper ratio after detection to sup-
press the third-order term of the IMD.

The experimental results verify third-order suppression at
least within a 10-kHz bandwidth, and demonstrated a 15-dB
improvement in SFDR in agreement with theory, despite the
noise floor being significantly above the shot-noise limit. We
have also calculated the link’s performance if state-of-the-art
components were used, which shows a link like this would be
capable of an SFDR near 133 dB/Hz.
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