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We demonstrate a phase-stabilized remote distribution of 100.04 GHz millimeter wave signal over 60 km optical
fiber. The phase error of the remote millimeter wave signal induced by fiber transmission delay variations is de-
tected by dual-heterodyne phase error transfer and corrected with a feedback system based on a fast response
acousto-optic frequency shifter. The phase noise within the bandwidth of 300 Hz is effectively suppressed; thus,
the fast transmission delay variations can be compensated. The residual phase noise of the remote 100.04 GHz signal
reaches —56 dBc/Hz at 1 Hz frequency offset from the carrier, and long-term stability of 1.6 x 10716 at 1000 s averaging
time is achieved. The fast phase-noise-correcting capability is evaluated by vibrating part of the transmission fiber

link. © 2014 Optical Society of America
OCIS codes:

optical signal processing.
http://dx.doi.org/10.1364/0L.39.002849

Remote distribution of local stable signals over optical
fiber has attracted growing research interest in recent
years due to its extensive applications, including very
long baseline interferometers [1,2], particle accelerators
[3], and remote clock synchronization and comparison
[4,5]. In deep space networks and phase-array millimeter-
wave (mm-wave) antennas, distribution of mm-wave
reference with high phase stability is indispensable [6-8].
For example, with the Atacama Large Millimeter Array
(ALMA), its highest receiving frequency reaches
950 GHz [9]. In order to receive such high frequencies,
a high reference frequency is required for the remote
site, and the reference signal of different antennas
has to be highly stable for maintaining signal
coherency [10,11].

However, the transmission delay varies due to environ-
mental perturbations on fiber links, which degrade phase
stability at the remote end. A fiber stretcher is widely
applied to correct the transmission delay in the fiber
[12-14]. Although its frequency independent compensa-
tion enables distribution of high frequency references di-
rectly, its small compensation range and slow response
limit the system’s loop bandwidth and application in
transmission systems that suffer large and fast variation
of the transmission delay. Recently, a work reported
transferring an 80 GHz signal over a 10 km fiber with
phase correction using a fiber stretcher [11,13]. Volt-
age-controlled oscillators (VCOs), an alternative phase
error correcting method, have an infinite compensation
range and fast response, and several VCO-based distribu-
tion systems have been reported [15,16]. However, it is
difficult to distribute even tens of GHz local reference
due to the band-limited frequency range of phase detec-
tion and limited phase control accuracy of high fre-
quency VCO. Thus, as far as we know, some research
on VCO-based systems mainly focuses on transmission
of several GHz or approximately 10 GHz signals [17-19].
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In this Letter, we demonstrate a phase-stabilized
remote distribution of a 100.04 GHz millimeter wave sig-
nal over 60 km optical fiber based on the ideas in [20].
These ideas consist of high-frequency phase detection
and precise phase control by dual-heterodyning phase er-
ror transfer (DHPT) and an acousto-optic frequency
shifter (AOFS), respectively. The transmitted mm-wave
signal over the fiber link is obtained by extracting two
optical carriers from an optical frequency comb (OFC).
With active compensation, the residual phase noise of a
remote mm-wave signal is —-26 dBc/Hz and -56 dBc/Hz
at 0.01 Hz and 1 Hz frequency offset from the carrier,
respectively, and the long term stability of 1.6 x 10716
at 1000 s averaging time is achieved. Thanks to the fast
response of AOFS-based phase corrections, the system’s
loop bandwidth reaches about 300 Hz. Thus, the fast
transmission delay variations can be corrected, which
is evaluated by vibrating part of the transmission
fiber link.

The experimental setup of the mm-wave signal distri-
bution system is shown in Fig. 1. The local end and the
remote end are connected by a 60 km spooled single-
mode optic fiber cable. A 500 m long optical fiber vibrat-
ing at 6 Hz by using a mechanical vibrator is inserted in
the transmission link to evaluate the capability of cor-
recting fast transmission delay variations. A dispersion
compensating fiber (DCF) module is added to the end
of the optical fiber to compensate its dispersion. An op-
tical frequency comb generator (OFCG) based on a
Fabry—Perot electro-optic modulator with 2.5 GHz free
spectral range (FSR) is driven by a 256 GHz microwave
synthesizer, which produces a low phase noise OFC with
a 25 GHz frequency interval and more than a 10 THz spec-
tral span. The OFC is divided into four branches (A, B, C,
and D) by passing through polarization maintaining cou-
plers PMC1 to PMC3. The A branch is used to obtain two
phase-locked optical carriers with 100.04 GHz frequency
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spacing as described in [20]. The B branch is used to mea-
sure the residual phase noise of the remote end mm wave
signal. The C branch is reference for detecting phase
error induced by two separated paths “a” and “b” of
polarization maintaining arrayed waveguide grating
(PM-AWG) with 25 GHz spacing used to select two spec-
tral lines of the OFC, and the D branch is reference for
detecting the 60 km transmission link induced phase
error. The generated mm-wave signals are power split
into two branches by PMC4. One branch is combined
with reference C and the other one is transmitted to the
remote end. The remote optical signals are power split
into three branches by optical couplers OC1 and OC2.
One is used to obtain 100.04 GHz mm-wave signal by a
high-speed photo-detector (PD). Another one is used to
measure phase noise at the remote end. The third one is
frequency up-shifted 35 MHz by AOFS3 and transmitted
back to the local end through the same fiber link. This
frequency up-shift can distinguish the roundtrip signal
from back-scattered signals. To compensate the optical
loss caused by transmission links, two erbium-doped op-
tical fiber amplifiers (EDFAs) are employed before and
after transmission. At both ends of the optical transmis-
sion link, optical circulators (C1, C2) are used to distin-
guish the transmitted and received signals.

Since the 60 km fiber link is suffering a time-varying
transmission delay 7i.,,s(%), the mm-wave signal obtained
at the remote end can be written as

Iy (1) = cos[(ws — w1 + o)t + ¢, (1) + @, (D)), (1)

where

@p () = —[(w3 + oF; + o)1, (1) — (@1 + OrF)74(0)]
— (w3 — @1 + OEF2) Trans (1).

¢, (2) is phase fluctuation induced by time varying delays
of the two separated paths and the 60 km fiber link, w;
and w, are the two extracted comb lines’ angular fre-
quency, o and o are angular frequency of the inter-
mediate frequency signals IF1 and IF2, ¢,(f) is
instantaneous phase of the IF2 signal, and z,(¢) and 7, (t)
are time varying transmission delays of the separated
path “a” and “b.” Therefore, in order to receive a phase
stable mm-wave signal at the remote end, the ¢, () is
driven by a feedback network to compensate the optical
fiber links’ induced phase fluctuations.

The active phase compensation is realized as follows:
At the local end, a 40 MHz beating signal is obtained in
DHPT1, whose phase represents the phase fluctuations
caused by the separated path “a” and “b.” It can be
expressed as

Vaan (1) = cosiomat + ¢, (1)
~ [(w3 + w1 + o) 7 (1) = (@1 + wp) 7, (D]}
@

The returned optical carriers shown as green lines in the
insets of Fig. 1 exhibit a double transmission delay. They
are heterodyned with original OFC (reference D), gener-
ating beating signals of 70 and 110 MHz that are mixed to
generate a 40 MHz signal in DHPT2. It is expressed as
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Fig. 1. Experimental setup for stable dissemination milli-
meter-wave signal system. OFCG, optical frequency comb
generator; PMC, polarization-maintaining coupler; PLL,
phase-locked loop; OC, optical coupler; AOFS, acousto-optic
frequency shifter; IF, intermediate frequency; PM-AWG, polari-
zation maintaining arrayed waveguide grating; VCO, voltage
controlled oscillator; EDFA, erbium-doped optical fiber ampli-
fier; DHPT, dual-heterodyne phase error transfer; PD, photo-
detector; PFD, digital phase and frequency detector; PC,

polarization controller; SMF, single-mode fiber; DCF,
dispersion compensating fiber; M, mixer; C, circulator.
VAtrans (t)
= cos{wpet — (@2 + @y + OF2)[75(1) + 2Tians ()]

+ (@1 + oF)[7a (1) + 2T4ans (D] + @, (D). 3

In order to avoid interference of harmonics during the
mixing, V., (%) is mixed with the 10 MHz rubidium oscil-
lator in mixerl (M1) to obtain a 30 MHz down-converted
signal that then multiplies the V zyans(f) in mixer2 (M2).
Thus, a 70 MHz up-converted signal can be obtained and
written as

V7o mi(t) = cos[Corms — wgy)t + 2¢,() - ¢y

—2(wy + wpy + 0F2)[7h (1) + Tirans (1]
+2(w1 + op)[7a () + Trans(D], 4

where wg;, is the angular frequency of 10 MHz rubidium
oscillator and ¢p, is its initial phase and considered as a
constant. After sevenfold dividing of Vygyzp,(f) and
comparing with the rubidium oscillator, the phase error
signal discriminated by a digital phase and frequency
detector (PFD) can be obtained:

1
Eerror(t) = @rp — ?{2401)(0 ~ @Prb

+ 2(6‘)1 + wIFl)[Ta,(t) + Ttrans(t)]
—2(wy + oy + op2)[7 (1) + Tpans(@]}. (B)



The error signal is integrated in a loop filter to control the
phase of VCO. When the phase-locked loop is locked,
the steady state error is zero, i.e., E . (f) = 0. Then,
the obtained mm-wave signal at the remote end can be
expressed as

Iy (1) = cos[(ws — w1 + o)t + 4ppy). (6)

From Eq. (6), it can be seen that I, (¢) is independent of
the time-varying transmission delay induced by the
separated paths and the transmission link. Thus, a phase
stable 100.04 GHz mm-wave signal is obtained at the
remote end.

As shown in the phase noise analysis module of Fig. 1,
reference B is optical heterodyned with the remote opti-
cal carriers, thus obtaining a 40 MHz beating signal from
DHPTS3. According to the DHPT scheme [20], the phase
noise performance of remote mm-wave signal can be
evaluated by measuring this 40 MHz signal with a phase
noise analyzer (Symmetricom’s 5125A). Figure 2 shows
measured results of the 60 km transmission system in
conditions of the free running (without phase compensa-
tion, VCO directly locked to rubidium oscillator), the
phase locking (loop bandwidth about 300 Hz), and phase
locked 1 m optical fiber transmission link. Comparing the
phase noise of the free-running and phase-locked 60 km
transmission system, it can be seen that the phase noise
induced by transmission links is mainly within the 10 Hz
frequency. In the phase-locked 60 km transmission
system, the phase noise is reduced from 32 to
—-26 dBc/Hz and -35 to -56 dBc/Hz at 0.01 and 1 Hz fre-
quency offset from the carrier, respectively, approaching
that of a 1 m optical fiber system. The phase noise of
60 km system exceeds that of 1 m optical fiber systems
at above 3 Hz, mainly due to correlated phase noise of the
microwave signal and its long distance-delayed signal.
Additionally, the spur at 600 Hz comes from the micro-
wave synthesizer. The superimposed waveforms of
remote 40 MHz beating signals in free running and
phase-locked systems are measured in 10 s and 30 min,
respectively, by using a digital storage oscilloscope trig-
gered by the rubidium oscillator. As shown in insets of
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Fig. 2. Residual phase noise of remote 100.04 GHz signal is
evaluated without vibration.
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Fig. 2, the waveform of the free running system is totally
in mess even in 10 s, which severely deteriorates the
phase performance of the remote mm-wave signal. The
optical spectrum of the 100.04 GHz signal before detec-
tion is also shown in the insets of Fig. 2.

Figure 3 shows the results of the inserted 500 m fiber
vibrating at 6 Hz under different vibrational amplitude
(Va). As Va increases from 4 to 10 mm, a bunch of spurs
arise at high-order harmonics frequency of 6 Hz. There-
fore, a wide loop bandwidth is desired for practical long
distance transmission. It can be seen that the phase-
locked 60 km transmission system effectively suppresses
the phase noise within the loop bandwidth (approxi-
mately 300 Hz), as shown in the blue line, which exhibits
the fast phase-error-correction capability.

The frequency stability of the remote signal is shown in
Fig. 4. The 60 km transmission system’s stability in free
running system is 1.8 x 10713 at 1000 s averaging time.
The phase-locked system reduces frequency instability
by three orders of magnitude to 1.6 x 1016 at 1000 s aver-
aging time. It can be seen that the frequency stability of
phase-locked system is approaching a 1 m optical fiber
transmission system. Vibration has no significant effect
on the frequency stability of phase locked system. This
demonstrates the effectiveness of our compensation sys-
tem and ensures the stability of remote signal in long
term transmission.

In conclusion, a highly phase stable mm-wave signal
distribution system with fast phase-error-correcting
capability was experimentally demonstrated in this Let-
ter. A 100.04 GHz signal over optical fiber is extracted
from an OFC and stably transmitted over 60 km fiber
links. The phase error induced by fiber transmission de-
lay variations is detected by DHPT and corrected with a
fast response AOFS-based feedback system. The residual
phase noise of the phase-locked 60 km transmission sys-
tem is -26 dBc/Hz and -56 dBc/Hz at 0.01 and 1 Hz fre-
quency offset from the carrier, respectively. Frequency
stability achieves 1.6 x 10716 at 1000 s averaging time.
Additionally, the inserted 500 m fiber vibrating at 6 Hz
under different vibrational amplitude experimentally
demonstrates the fast phase error correcting capability
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Fig. 3. Residual phase noise of remote 100.04 GHz signal is
evaluated with vibration (vibrational frequency 6 Hz).
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Fig. 4. Allan deviation with vibration and without vibration.

of the system, which is essential to stable distribution of
high frequency reference in long distance transmis-
sion link.
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