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Time-Stable Receiving System With Local
Digitization Based on a Dithered Sample Clock

Kai Wang, Wei Wei

Abstract—We present a time-stable receiving system for broad-
band signals transmitted via a 25 km fiber optic link. The timing
jitter of the signal induced by the transmission link is precisely elim-
inated after the signal is digitized with a dithered sample clock. The
dithered clock is generated from the phase of a voltage-controlled
oscillator, introducing the same transmission timing jitter of the
link. Therefore, it can withstand an unlimited range of transmission
delay variations without using any optical or electrical delay lines.
Experimentally, binary phase-shift keying signals with bandwidths
of several hundred MHz and different carrier frequencies are
transmitted and received by the proposed system. The root mean
square of the calculated timing jitters of the received signals is
decreased to the order of picosecond. The simple remote end and
immunity to environmental perturbations of the proposed scheme
make it an ideal candidate for a large-scale distributed antenna
system.

Index Terms—Time-stabilized signal transfer, broadband receiv-
ing system, synchronized digitization.

1. INTRODUCTION

OMPARED with a traditional single antenna detection
C scheme, the distributed antenna system offers superior
signal-to-noise ratio enhancement, a larger effective aperture,
and the capability of precise positioning, thereby recently at-
tracting great attention [1], [2]. For a distributed antenna system
as shown in Fig. 1, multiple remote ends together receive signals
transmitted from the same target and aggregate them to the local
end for further processing. The distance between the remote
antenna end and the local end can be tens of kilometers in the
practical application, to greatly improve the effective aperture of
the system [3]. Fiber optic links are considered the ideal signal
transmission medium for such long distance, due to their low
loss, immunity to electromagnetic interference, and many other
advantages [4]. However, various environmental perturbations
will lead to the delay drift of the transmission in the optical fiber
link, which will cause the phase jitter in the signal transmitted
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to the local end, hindering the subsequent signal combining and
precise target location [5]. The longer distance and drastic envi-
ronmental variations will increase this timing jitter dramatically
[6].

To eliminate the influence of the delay variation, the direct
solution is to digitize the antenna signal at the remote end and
send the digital signal to the local end [7]. However, strict
multi-end time synchronization signals are required for the re-
mote digitizers [8]. Meanwhile, the analog-to-digital conversion
error will be increased due to the reference voltage drift of the
ADC under the influence of ambient temperature changes [9].
Therefore, digitization at remote ends increases the structural
complexity but with poor performance. Time-stable receiving
at the local station that is immune to transfer delay variation is
highly desired.

Several methods have been proposed to stably transmit the
microwave signal over the optic fiber link, which can be roughly
categorized into two types. One is to compensate for the phase
variation of the signal through passive phase mixing or with
active phase-locking compensation [10], [11]. For an active
phase-locking scheme, a voltage-controlled oscillator (VCO) is
often used to generate a frequency signal with an adjustable
phase that compensates for the phase variation induced by the
fiber transmission. Previously, we have successfully transmitted
a 10 GHz signal based on VCO tuning with high stability [12],
[13]. By mixing an intermediate frequency (IF) VCO with a
high-frequency radio frequency (RF) signal, the control preci-
sion and the transfer stability have been evidently improved.
Although these phase-adjusting methods have an infinite range
of compensation, it can provide a stable transmission only for a
single-frequency signal. Note that the receiving antenna signals
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are always broadband signals, and each frequency component
experiences different phase variations due to the link delay
variation, which cannot be directly compensated for at the same
time based on a phase-adjusting method. The other way is to
compensate for the delay variation of the fiber link with an opti-
cal/electrical delay line [14], [15] or a wavelength-tunable laser
[16]. It can stably transmit a broadband signal because it insures
afixed transmission delay of the link, but its compensation range
and speed are limited.

In this paper, we demonstrate a locally digitized, time-stable
receiving system for antenna signals transmitted over a 25 km
fiber link with an adjustable received frequency range [17]. The
signal is transmitted and sampled with a well-controlled dithered
clock which experiences the same transmission timing drift as
the transmitted signal. Therefore, the transmission timing jitter
of the signal is naturally eliminated after the signal is sampled by
the analog to digital converter (ADC). Experimentally, binary
phase-shift keying (BPSK) signals in different bands are first
stably transmitted and then digitized at the local end. The root
mean square (RMS) timing jitters of the received signals are
reduced by a factor of about 1000 to merely picosecond scale.
The proposed receiving system can withstand unlimited trans-
mission delay variation of the link while with a simple remote
structure, which is highly suitable for large-scale distributed
detection systems in severe environments.

II. PRINCIPLE

The purpose of the proposed system is to obtain stable digital
signals after local digitization with immunity to the large trans-
mission delay variation of the link so that subsequent signal
combining and processing can be performed in the distributed
antenna system. Considering the limited compensation range of
the optical and electrical delay line and the unlimited adjusting
range of the single-frequency signal, we manage to control the
phase of a single frequency sample clock instead of directly
controlling the transmission delay.

Usually, when the ADC samples a signal, the sampling instant
is determined by the rising or falling edge of a phase-stable
sample clock. Thus the signal is sampled with a fixed sampling
interval. However, if the sample clock has a timing jitter of A,
the sampling moment would also change by the same time of
Ar. Inthis case, the signal digitized in the ADC will equivalently
have a timing jitter of -A7 accordingly. If the signal to be
sampled has already experienced a transmission delay jitter of
AT in advance, this timing jitter will be naturally eliminated
after being sampled in the ADC with the dithered sample clock.

To eliminate the timing jitter of the signals induced by the
fiber link, the transmission delay drift of the link should be
detected and then used to adjust the sample clock accordingly.
Here, it should be emphasized that although different frequency
components in a broadband signal have different transmission
delays mainly due to the chromatic dispersion, their transmission
delay variation can be regarded as the same in quite a large
frequency range [18]. As shown in Fig. 2, two steps are carried
out to generate this dithered clock. First, a local oscillator (LO)
signal is stably transmitted from the local end to the remote
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Fig.2. Schematic diagram of the time-stable receiving system. E/O: Electrical

to optical conversion; O/E: Optical to electrical conversion; FRM: Faraday
rotator mirror; WDM: Wavelength division multiplexer, SSBM: Single-sideband
modulator; M: Mixer; PD: Photodetector; IF: Intermediate Frequency; DHPT:
Dual-heterodyne phase-error transfer, PBS: Polarization beam splitter, Conj:
Phase conjugate circuit.

end by using use a VCO-based compensation system, which is
shown in the LO stabilization module. Second, this stable LO is
transmitted together with the broadband signal back to the local
end, experiencing the same transmission delay variation. When
returned to the local end, the phase drift of the LO is extracted to
generate the dithered clock, digitizing the received broadband
signal for delay jitter elimination as shown in the digital receiver
module.

For the LO stabilization module, the LO signal is generated
by up-converting an RF signal with an IF VCO signal in a single
sideband modulator (SSBM). When transmitted to the remote
end, it can be expressed as

Ero = coswro* (t + AT,) 4+ oo (1)] - (1)

wro isthe angular frequency of the LO signal, which is equal
to WrE + Wy cos Pueo(t) is the phase of the VCO; A7, is the
variable transmission delay of the fiber link.

After the LO signal is transmitted back, the phase drift induced
from the link is transferred to an IF signal by the dual-heterodyne
phase-error transfer (DHPT) structure [19]. Finally, this phase
variation information is used to drive a servo, adjusting the phase
of the VCO output for phase compensation. Here, the Faraday
rotator mirror at the remote end is used to fix the polarization
state of the returned LO light, reducing the power variation of
the beat signal and the delay drift related to polarization mode
dispersion. When the loop is phase-locked,

wro * 207, + 2 % Yyeo (t) = @Ry - 2

Since gy is the initial constant phase of the rubidium clock,
the LO has a stable phase at the remote end, and the phase fluc-
tuation of the LO induced by the link is equal to the conjugation
of the VCO phase. Thus the VCO signal can be used to generate
the dithered clock which carries the delay variation of the link.
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Although the RF to IF conversion both in LO generation and
the phase detection will increase the complexity of the proposed
scheme compared with previous work, the stability of the LO
transmission has been greatly improved.

For the dithered clock generation, the phase-conjugated signal
of the VCO is first generated by mixing the VCO output with a
frequency-doubled stable reference, which can be expressed as

Econj = €08 [Wyco * t — Puco (T)] - 3)

Now it represents the phase drift of the LO signal induced by
the delay variation of the link. To convert it to the timing drift
of the link, the E¢,,; is up-converted with the RF signal to the
frequency of the LO, which can be expressed as

Ero—j = coslwro *t — pueo ()] = coslwro * (t + AT,)] .

“)
Finally, it is divided into the frequency of the sample clock as
Epcu, = cos [WLO/, « (t + AT,)] ®)

where n is the ratio of the LO frequency to the sample clock
frequency of the ADC, and the dithered clock carrying the delay
variation of the link is obtained.

For the antenna signal receiving, the signal is first modulated
on the light at the remote end and is then transmitted back to
the local end together with the LO signal. Since at any sampling
instant of the ADC, the dithered clock and the transmitted signal
experience the same delay jitter A7, this common delay jitter
can be naturally eliminated no matter how large it will be. Here,
we regenerate this dithered clock instead of using the returned
LO because the regenerated clock has better noise performance
and a higher power level.

It should be noted that the signal with a higher carrier fre-
quency can be directly down-converted to the receiver band-
width by using the stable LO signal with adjustable frequency
at the remote end. Thus, the receiving frequency range is greatly
expanded.

The proposed scheme transforms the time-stable broadband
transmission requirement into a phase-stable single-frequency
stabilization system with high control precision and unlimited
compensation range, making it an ideal candidate for applica-
tions in severe environments. Here, the VCO-based frequency
transfer is not only used to transmit a stable LO signal to the
remote end as in a traditional single-frequency transfer system
but is also used to extract the phase jitter introduced by the link
to generate the sample clock carrying the delay variation of the
link. The localization of the signal digitization further simplifies
the system structure and alleviates its additional instability and
inconsistency.

III. EXPERIMENT AND RESULT

The diagram of the experimental setup is shown in Fig. 3,
consisting of a local end and a remote end which are connected
via a 25 km fiber link. The local end can be further divided into a
stable LO stabilization module and a digital receiver. For the LO
stabilization, Laser] with a wavelength of 1550 nm is split into
two parts. One part is amplitude modulated as a local reference
light in MZM2 by an adjustable RF signal with the initial
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Fig. 3. Experimental setup. MZM: Mach—Zehnder modulator; SSBM:
Single-sideband modulator; PBS: Polarization beam splitter; OPMC: Optical

polarization-maintaining coupler; AOFS: Acousto-optic frequency-shifter; LF:
Loop filter; VCO: Voltage-controlled oscillator; PD: Photodetector; PFD: Digital
phase and frequency discriminator; SMF: Single-mode fiber; EF: Electric filter;
M: Mixer; Conj: Phase conjugate circuit; PNA: Phase noise analyzer; TIA: Time
interval analyzer; AWG: Arbitrary waveform generator; PREM: Partial reflective
Faraday mirror.

frequency set to 9.99 GHz from a microwave source (shown as
RF1 in Fig. 3) synchronized with a 10 MHz rubidium clock. The
other part is amplitude modulated as the LO signal in MZM1.
Its 10 GHz driving signal is generated by up-converting the RF1
signal with a 10 MHz IF VCO signal in SSBM1. The LO light is
sent to the S-polarized light port of the polarization beam splitter
(PBS) and then injected into a wavelength division multiplexer
(WDM) and the fiber link consecutively from the combining
port of the PBS. Then it is transmitted to the remote end, and
part of the signal is detected with a high-speed photodetector
(PD3) for performance evaluation. The stable LO signal at the
remote end can also be used for down-converting the antenna
signal. The other part is reflected by the partial reflective Faraday
mirror (PREM), rotating the polarization of the returned LO
light by 90 degrees. Then the returned LO light goes through
the OPMC from the P-polarized light port of the PBS and then
beats the reference light in a DHPT structure, generating the
IF signal which carries exactly the phase jitter of the returned
LO signal but with a lower frequency. This IF signal is used for
feedback controlling the phase of the VCO via a well-designed
PLL, ensuring the stability of the LO at the remote end. Note
that the acousto-optic frequency-shifter is used to prevent the
effect of the Rayleigh backscattering.

The digital receiver part is used to digitize the received
antenna signal with the dithered sample clock that carries the
information of the transmission timing jitter. The dithered clock
is generated by upconverting the RF1 signal with the phase-
conjugated VCO signal in SSBM2. Here we use an ADC with
a 1 GHz sample clock and 2 GHz sample frequency (Teledyne
SP Devices ADQ14), thus the up-converted signal is initially
divided by 10 with a well-designed electrical divider, realizing
the 1 GHz dithered clock. The detection signal within the ADC
bandwidth is first generated by an arbitrary waveform generator
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Fig. 4. Residual phase noise and timing drift of the remote 10 GHz LO signal
in conditions of phase-locking and free running.

(AWG) at the remote end and is then modulated on the light
from Laser2 with the wavelength of 1552 nm. It is transmitted
to the local end through the fiber link and the WDM successively
and is then detected by PD2. After being sampled by the ADC
using the dithered clock, the digitized signal is further processed
for performance evaluation. Then, when the detection signal
exceeds the ADC bandwidth, it can be down-converted by the
stably transmitted adjustable LO signal into the ADC bandwidth,
which will be presented in the last paragraph of this section.
The stability of the remote LO signal directly determines
the consistency between the transmitted signal and the dithered
clock, therefore is first evaluated. Since the frequency limitation
of the phase noise analyzer (Symmetricom 5125A), the 10 GHz
LO signal at the remote end is down-converted to 10 MHz by
mixing it with the 9.99 GHz reference as shown in Fig. 3. The
residual phase noises of the remote LO in conditions of free
running and phase-locking are shown in Fig. 4. At the lower
frequency offset, the phase noise of the free-running system is
mainly caused by the ambient temperature changes, contributing
to slow and continuous phase drift. Large phase noise spikes
from 10 Hz to 100 Hz are also clearly observed, which are mainly
caused by environmental vibrations and electrical noises. After
phase locking, the phase noise within the loop bandwidth of ~1
kHz has been effectively suppressed. The residual phase noise
reaches —46 dBc/Hz and —87 dBc/Hz at 0.01 Hz and | Hz
frequency offset, respectively. Compared with the free-running
system, they are reduced by over 33 dB, indicating superior
long-term stability. The integrated RMS timing jitter of the LO
signal from 0.01 Hz to 1 MHz frequency offset is merely 59 fs.
The inset shows the timing drift of the down-converted LO
signal at the remote end, which is measured by a time interval
analyzer (TIA, GuideTech GT668). The TIA can measure the
time interval between two single-frequency signals by capturing
their rise edges with 1 ps resolution and 3.5 ps noise floor.
Note that the timing drift has been magnified by a thousand
times for the 10 MHz signal which is down-converted from the
10 GHz LO, the measurement precision can reach the level of
femtosecond. While the timing drift is as large as 1211 ps in the
condition of free running, the peak to peak timing drift of the
phase-locked LO signal is just 1.1 ps within 3700 s.
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Fig. 5. Relative timing drift between the single frequency signal and the
sample clock in different conditions. SClk: The stable clock; DCIk: The dithered
clock.

Then the synchronization between the received signal and
the generated dithered clock at the local end is first evaluated
with a single frequency signal. Considering the sampling rate of
the ADC and the frequency limitation of the TIA, a 250 MHz
single frequency signal is generated by the AWG as the original
signal at the remote end, which is then transmitted to the local
end referred to as the transmitted signal. A phase-stable 1 GHz
signal is generated by another microwave source as the stable
sample clock, which is used for performance comparison with
the generated dithered clock at the local end. The relative timing
drift between the original untransmitted signal and the stable
clock as in a normal digitization process, the transmitted signal
and the stable clock, the transmitted signal and the dithered clock
are measured directly using the TTA as shown in Fig. 5. The RMS
relative timing jitter between the original untransmitted signal
and the stable clock is 8.0 ps, which almost reaches the precision
limitation of the TIA. After 25 km transmission, if still using a
stable clock for sampling, the drift is increased to 480 ps even
in a relatively stable lab environment. When using the dithered
clock, however, the drift is dramatically decreased to 9.1 ps,
which has no evident deterioration compared with the original
untransmitted signal sampled by a stable clock. It proves that
the dithered clock keeps good consistency with the transmission
timing jitter introduced into the transmitted signal, which means
that the delay variation induced by the transmission link has been
eliminated. The two insets show the superimposed waveforms of
the transmitted 250 MHz captured by a real-time oscilloscope
within 10 min triggered by the stable clock and the dithered
clock, respectively. Evident slipping can be observed between
the stable clock and the transmitted signal while the eye diagram
triggered by the dithered clock is thin and clear, proving again
that a time-stable transmitted signal can be obtained by using
the dithered clock.

Since the ADC has an analog bandwidth of 1 GHz, to verify
the stability of the proposed system receiving broadband signals,
a 500 Mbps BPSK signal with a 700 MHz carrier is generated by
the AWG and tested as shown in Fig. 6. Two ADCs are used to
sample the broadband signals before and after the transmission
every 10 s, respectively. The sampling duration is 10 ms. The
delay drift between the two broadband signals can be calculated
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Fig. 6. Timing drift of broadband signals sampled by ADCs in different

conditions. SCIk: The stable clock; DCIk: The dithered clock.

with the cross-correlation operation in the frequency domain
using the sampled data. As shown in the inset, the slope of
the fitted curve can be regarded as the precise transmission
delay value. Since the signal bandwidth is merely 500 MHz, the
chromatic dispersion related delay variation can be reasonably
ignored. First, we split the original signals into two parts and
sample them with 2 ADCs simultaneously as the untransmitted
signals. In this condition, the calculated RMS timing jitter is
0.5 ps, which can be regarded as the noise floor of the digital
receiver. The signal-to-noise ratio of the signal, the synchro-
nization performance between the two ADCs both influence the
calculated result. After transmission, the timing drift is increased
to 1070 ps during 5000 s using a stable clock for sampling. The
continuous increase of the timing drift is due to the temperature
rise in the lab. When using the dithered clock, as a contrast, the
RMS timing drift is merely 1.1 ps. This result is very close to
the precision limit of the noise floor, proving that the proposed
receiving system can effectively eliminate the timing drift of the
broadband signal induced by the link.

To verify the scalability of the receiving frequency range,
an X-band 400 Mbps BPSK signal with an 11.6 GHz carrier
frequency is generated to simulate a practical imaging radar
signal. The RF1 signal is adjusted to 10.99 GHz, and the 11 GHz
LO signal is used to down-convert the remote X-band signal
within the ADC bandwidth, which is then transmitted to the
local end for stable receiving. Accordingly, the division ratio
of the frequency divider in the digital receiver module is set to
11. The stability of the received IF signal is shown in Fig. 7,
and the spectrum of the signal is in the inset. The RMS timing
jitter of the untransmitted IF signal sampled by the stable clock is
0.9 ps. After transmission, the timing driftis increased to 1640 ps
during 5000 s when still using the stable clock. While with the
dithered clock, the RMS timing drift has been greatly reduced to
merely 1.9 ps, which has no obvious degradation compared with
the direct digitization of a signal within the ADC bandwidth. It
proves again the high stability of the transmitted LO signal at
the remote end. Note that the carrier frequency of the received
signal is only limited by the frequency range of the LO signal,
and the bandwidth of the received signal is only limited by the
ADC bandwidth.
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V. CONCLUSION

In summary, we propose a time-stable broadband receiving
system with a simple remote end which is immune to the trans-
mission delay variation. By generating a dithered clock carrying
the same transmission timing jitter of the link as the sample
clock for local digitization, the timing jitter is inherently elimi-
nated no matter how large the variation is. Experimentally, Two
BPSK signals in different bands with bandwidths of hundreds of
megahertz as the practical antenna signals are transmitted via a
25 km fiber link. The RMS timing jitter of the sampled signal is
reduced to 1.1 ps and 1.9 ps, respectively. The proposed system
perfectly suits the requirement of distributed antenna systems
with considerable remote ends in severe environments.
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