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Abstract. A microwave phase-control scheme is proposed and experimentally demonstrated. Two lasers are
combined in an optical fiber coupler to generate a beat signal. The beat frequency is tuned by controlling the
frequency of one laser. Using the phase shift of the beat waves with different frequencies during the propagation
in an optical fiber, the phase of the radio-frequency (RF) signal generated by a photodetector (PD) can be
controlled. Using the phase shift during the propagation of beat waves in an optical fiber with different beat
frequencies, the phase of the RF signal generated by a PD connected to the fiber can be controlled. A tunable
phase shift ranging from 0 deg to 1400 deg is obtained for frequencies from 6 to 10 GHz. This scheme offers

the advantages of fast tuning and precise phase control of an RF signal. © The Authors. Published by SPIE under a Creative
Commons Attribution 3.0 Unported License. Distribution or reproduction of this work in whole or in part requires full attribution of the original publication,
including its DOI. [DOI: 10.1117/1.0E.57.1.016106]
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1 Introduction

Radio-frequency (RF) phase shifters play an important role
in phased-array antennas for radars (such as the phase
shifters in the Aegis combat system)' and communication
systems. Phased-array antennas usually employ conventional
phase shifters based on ferrite materials,” PIN diodes,’ mono-
lithic microwave integrated circuits,* or liquid crystals.’
Electrical devices have narrow bandwidths and large losses
compared with that in the photonic systems. The basic con-
cepts behind photonic phase shifters for microwave signals
have been reported.®’ RF phase shifters based on photonic
technology have a wide shift range. In the past decade,
photonic RF phase shifters have been demonstrated using
a nonlinear optical loop mirror® and a single-sideband
modulator.” These require complex structures and specially
designed devices. In contrast, simple techniques using opti-
cal fiber dispersion to implement a time delay have been
developed, as summarized by Capmany et al.'” in a tutorial.
In this paper, a microwave phase-control scheme based
on beat note generation in an optical fiber without using
dispersion is developed. The chromatic dispersion in our
technique is not effective.!' The phase of an RF signal con-
verted from an optical beat by a photodetector (PD) can be
shifted by a full 360 deg. The phase shift can be realized by
controlling the detuning frequency of the beat note. The shift
depends on the length of the optical fiber. Specifically,
a longer fiber leads to a larger phase shift for the same
beat note detuning. In this proposed scheme, the phase shift
and signal frequency are related to each other. If a large
frequency shift is desired, a long optical fiber should be
used. Experimentally, the beat frequency is stabilized to
the tunable output of a stable RF synthesizer'>!? to confirm
the proposed concept.

The paper is structured as follows. First, we give a basic
principle of RF phase shift and the frequency stabilization
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technique of the beat note (Sec. 2). Then, we introduce
the experimental setup (Sec. 3). In Sec. 3, we examine rea-
sonable setup of the RF phase control using setup parame-
ters. In Sec. 4, we consider the measured performance of
the phase-controlled beat frequency signal. Finally, we give
conclusions in Sec. 5.

2 Phase-Control Scheme

2.1 Basic Principle

The principle of the phase shift resulting from the beat
frequency detuning is shown in Fig. 1. The phase-control
system consists of two tunable lasers LD1 and LD2, a 3-dB
fiber coupler, a fiber, and a PD. The outputs of the lasers are
combined using the coupler and launched into the fibers
where they create an optical beat note (interference pattern).
The beat frequency of the initial state is

fi:|fl_f27

D

where f, and f, are the frequencies of the input lasers.
The corresponding wavelength, or beat length, is

Ai=—r 2

where ¢ and n are the speed of light in vacuum and the refrac-
tive index of the fiber, respectively. Thus, the initial phase ¢,
in an optical fiber of length / is

o nfll

C

b 360 deg. (3)

When f, is detuned to f, + Af, the beat frequency
becomes

fe=1f1=rf.—Af] “4)
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Fig. 1 Schematic of the phase-control system of the RF signal generated by optical beating. Here,

LD denotes a laser diode and PD is a photodetector.
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Fig. 2 Linear relationships between the phase shift ¢, beat frequency
f, and fiber length /.

and the corresponding phase becomes

¢c:@

c

360 deg. 5)

As a result, the phase shift of the beat note due to the
frequency detuning Af is

[
Ap = o = i = |Af] 72360 deg. ©)

By converting the beat note to an electrical signal using
a PD, a phase-shifted RF output can be generated as shown
in Fig. 1.

Figure 2 plots the theoretical relationship between the
phase shift ¢ and the beat frequency f described by Eq. (6).
The two lines show the phase shifts for fiber lengths of
a and Na as linear functions of the detuning frequency Af.
When the fiber length is Na, the phase shift is N¢,, where
¢, is the phase shift for a fiber of length a.

The calculated RF phase shifts as a function of the
detuning frequency and optical fiber length are graphed in
Figs. 3 and 4, respectively. For a refractive index of 1.47,
Eq. (6) predicts 1.76 deg /m/MHz. Therefore, detuning by
0.01 to 10 MHz results in phase shifts of 0.02 deg to 20 deg
for a 1-m fiber. The phase shift can be extended to 200 deg by
increasing the fiber length to 10 m. However, in a longer
fiber, the phase shift is more sensitive to the detuning fre-
quency, so the frequency stability of the beat note becomes
a limiting factor. Here, the beat note frequency is stabilized to
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Fig. 3 Phase shift of an RF signal versus the detuning for fiber lengths
of 1, 10, and 100 m.
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Fig. 4 Phase shift of an RF signal versus the fiber length for detuning
frequencies of 0.01, 0.1, 1, and 10 MHz.

an external RF signal. The details of the stabilization method
are described in Sec. 2.2.

Any desired phase shift can be obtained by a combination
of fiber length and detuning frequency. Figure 5 considers
combinations of these two parameters to obtain various
phase shifts ranging from O deg to 180 deg.

On the other hand, Eq. (6) suggests that a large phase shift
caused by a large frequency detuning results in a significant
frequency change of the RF signal itself. This RF frequency
shift may be undesirable for some applications. Dividing
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Fig.5 Combinations of frequency detuning and fiber lengths to obtain
specific phase shifts.

both sides of Eq. (6) by F, the frequency of the generated
RF signal, results in

A¢max — |Afmax| n_l

- 360 deg, @)

where A@., and Af,,, are the maximum phase shift and
detuning frequency, respectively. Defining |Af .|/ F to be
the detuning ratio Ryew,, Eq. (7) becomes

nl
A¢max = Rdetun?360 d6g F. (®)

One can thereby calculate the maximum phase shift for
a given RF signal frequency F and detuning frequency
|Afmax| as a function of the fiber length /. To keep the
frequency change of the RF signal small, Rye,, has to be
kept small.

2.2 Frequency Stabilization of the Beat Note

A setup for beat frequency stabilization is shown in Fig. 6.
It stabilizes the beat note generated by two lasers (LD1 and
LD2) relative to a stable and tunable external RF signal. An
RF self-heterodyne interferometer is introduced to generate
the error signal proportional to the frequency difference.
An error signal proportional to the frequency difference
between the beat and RF synthesizer signals is converted to
a DC signal applied to LD2 to control its frequency.

The RF signal intensity / generated by the PD is propor-
tional to the intensity of the incident light

3dB _
coupler Mixer1

RF synthesizer

Mixer2

Fig. 6 Experimental setup for beat note stabilization. Here, LD is
a laser diode and PD is a photodetector.
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2
[ x |E; cos(w,t) + E, cos(wyt)

= E3 cos*(w;t) + E3 cos?(wyt) + E\E, - cos|(w; + @y) - 1]
+ E\E; - cos[(w) —m,) - 1], )

where E| and E, are the amplitudes of the electric fields of
the optical beams of frequencies @w; and w,, respectively.

Since the DC and higher frequency components are in
the outside of the PD bandwidth, they are not detected.
As a result, the low RF component [i.e., the last term in
Eq. (9)] can be observed. To stabilize the beat note to a refer-
ence frequency of the synthesizer, the signal of frequency
@syny is multiplied by the beat signal using Mixerl, and
the difference frequency component Aw — @wsyyp, Where
Aw = w; — w, is downconverted to create an error signal
for the stabilization. The component is then split into two
equal parts, one of which is multiplied in Mixer2, while
the other passes through a delay line. A coaxial cable is
used to create a delay time 7 between the two signals. That
time 7 is equivalent to a phase shift ¢ of 7(Aw — wsynp)-
As a result, the error signal from Mixer2 is

S x cos ¢ = cos[t(Aw — @synn)]-

By scanning the frequency of LD1 or LD2 (i.e., by vary-
ing Aw), the error signal becomes a cosine curve of finite
width corresponding to the bandwidth of Mixer2. That error
signal has several zero-crossing points, one of which is
used as a locking point.

3 Experiment

Figure 7 shows the experimental setup for a phase-control
scheme using optical beat wave generation and propagation.
Three RF signals are generated: an RF signal from PD1 used
for the frequency control, a phase-shifted RF signal from
PD2, and a reference signal from PD3.

An external-cavity diode laser (ECL) and a distributed-
feedback (DFB) laser are used as optical sources to generate
a beat signal. Since the frequency of the ECL can be tuned
over a wide range, it is used for coarse tuning of the beat
frequency. The DFB laser and servo system are used for
fine-tuning of the beat frequency via the injection current.
The optical output signals from the ECL and DFB laser are
combined using a 2 X 2 3-dB polarization-maintaining (PM)
fiber coupler in its orthogonal polarization state. The optical
beat used for the frequency-control system is detected by
fast photodiode PD1 and converted to an RF signal. The con-
verted signal is boosted by RF amplifiers into the range from
—10 to +4 dBm and used for frequency stabilization of the
beat note. The details of the frequency stabilization method
are described in Ref. 13. The beat frequency is approxi-
mately equal to the sum of the RF synthesizer frequency
and an 8-MHz offset frequency. To investigate the depend-
ence of the phase shift on the fiber length, extension fibers
(measuring ~2 or 4 m) are inserted between the upper output
fiber from the second 3-dB coupler and the polarizer. Even
without an extension fiber, the path length from the 3-dB
coupler to PD2 is longer than that from the coupler to PD3.
This difference is an offset length in the setup. Thus, the
optical path difference between the upper and lower paths
is the length of the extension fiber plus the offset length.
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Fig. 7 Experimental setup for a phase-control scheme using optical beat wave generation and propa-
gation. The beat frequency is locked to a stable and tunable RF external source. The lower path to the
right of the second 3-dB coupler is used to generate a reference microwave signal. “0 deg” and “45 deg”
indicate the connection angle of the PM optical fibers. For ease of adjustment of interference conditions
between two laser lights, orthogonal polarization was used in this study.

The optical beat signal delayed by the extension fiber is con-
verted into an RF signal by PD2. This becomes a phase-
shifted RF signal on channel 1 of a sampling oscilloscope.
The other signal from the second 3-dB coupler is converted
into an RF signal by PD3 and boosted by two RF amplifiers
to serve as a reference signal. The reference signal is mea-
sured on channel 2 and compared with the phase-shifted RF
signal on channel 1.
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4 Results

Measurements are performed at beat frequencies of ~6, 7, 8,
9, and 10 GHz. Since the beat frequency is locked to the
external RF synthesizer frequency, the two frequencies differ
only by the ~8-MHz offset from the feedback system.
The waveforms of the phase-shifted (channel 1) and
reference (channel 2) RF signals measured by the sampling
oscilloscope are shown in Fig. 8. No extension fiber is used
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Fig. 8 Phase-shifted RF signal (Ch. 1) and reference RF signal (Ch. 2) measured by the sampling oscillo-
scope. By varying the frequency of the RF synthesizer, the phase difference of the beat note is shifted by
(a) 0 deg (RF: 9.894 GHz), (b) 90 deg (RF: 9.908 GHz), (c) 180 deg (RF: 9.921 GHz), and (d) 270 deg
(RF: 9.934 GHz). RF noise characteristics in each RF amplifier are not the same in each channel,
so the signal in each channel has different noise characteristics.
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Fig. 9 Phase shift of the beat notes versus the RF synthesizer frequency for path lengths equal to
the offset length, offset length + 2 m, and offset length + 4 m: (a) RF = 6 GHz, (b) RF = 7 GHz,
(c) RF = 8 GHz, (d) RF = 9 GHz, and (e) RF = 10 GHz.

in this experiment. The frequency of the RF synthesizer is
(a) 9.894, (b) 9.908, (c) 9.921, and (d) 9.934 GHz. The cor-
responding phase differences between the RF signals on
channels 1 and 2 are 0 deg, 90 deg, 180 deg, and 270 deg,
respectively. The phase-shifted signals (shown in black in
Fig. 8) are noisy compared with the reference signals (shown
in red in Fig. 8). This noise originates from the amplifiers
used in the reference line. The frequencies of the RF signals
generated by PD2 and PD3 are stable owing to the frequency
stabilization system.

Figure 9 plots the phase difference between the RF signals
on channels 1 and 2 for three different path lengths (namely,
the offset only, offset + 2 m, and offset + 4 m) as a function
of the RF synthesizer frequency near (a) 6, (b) 7, (¢) 8, (d) 9,
and (e) 10 GHz. As Eq. (6) indicates, the phase shift only
depends on the frequency detuning and fiber length and not
on the beat frequency. Based on these results, the rates of
phase shift for the three different path lengths are found to
be 6.758 deg /MHz for the offset only, 10.432 deg /MHz
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for the offset + 2 m, and 14.125 deg /MHz for the offset +
4 m. The theoretical phase-shift factor is 1.76 deg /m/MHz
according to Eq. (6). Dividing the phase-shift rate by this
theoretical phase-shift factor, the calculated offset lengths
between the upper and lower routes and the lengths of
the two extension fibers are found to be 3.84, 2.09, and
4.18 m, respectively. These values are in good agreement
with direct measurements.

4.1 Frequency Stability and Phase Fluctuation of
the Generated RF Signal

The frequency stability (also called the square root of the
Allan variance) of the RF signal is measured using a fre-
quency counter. Our frequency-controlled system for the
beat note between the two lasers has been optimized since
the publication of Ref. 13. The frequency stabilization gain
in low frequency in servo circuit was optimized by replacing
one stage proportional—integral (PI) circuit to two stages PI,
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Fig. 10 Frequency stability of the beat note at 10 GHz.

so the frequency locking improved. The frequency stability
of the system has improved from 400 kHz to lower than
10 kHz for an averaging time of 1 s. Figure 10 shows
the measured fluctuations of the 10-GHz beat frequency,
which are <50 kHz for an averaging time of 100 s.

The phase fluctuations in the generated RF signal are esti-
mated from the residual between the experimental data and
the linear fits in Fig. 9. For a beat frequency of 10 GHz, the
standard deviation of the phase is 0.6 deg, 1.0 deg, and
2.0 deg for the offset only, offset + 2 m, and offset + 4 m,
respectively. There are three possible origins of these
fluctuations: RF signal fluctuations from the synthesizer,
temperature variations, and vibration.

By assuming a 100-kHz frequency fluctuation of the RF
signal, the phase fluctuations in the beat notes are estimated as
0.014 deg =360 degx100 kHz/10 GHz x4 m, 0.022 deg =
360 degx100 kHz/10 GHzx 6 m, and  0.029 deg =
360 deg x100 kHz/10 GHz X 8 m for a fiber refractive index
of 1.47.

The thermal expansion of the path length of an optical
fiber is 9.39 x 107°/°C.'* The temperature of the laboratory
is 20°C with a fluctuation of < 4+ 1°C during 10 min. Thus,
the room temperature drift is estimated to be 0.2°C in the
time needed to measure the phase shifts (i.e., in 1 min).
For example, when the temperature changes from 20.0°C
to 20.2°C, the length of a 4-m fiber changes by
7.51x 107 m =4 mx9.39 x 107%/°C x 0.2°C. Dividing
this value by one beat wavelength in the optical fiber
(i.e., by 0.02 m assuming a refractive index of 1.47 and
a 10-GHz beat frequency), the phase fluctuation is calculated
to be 0.53 deg. Similarly, the phase fluctuations for a 6-m
fiber (offset + 2-m fiber) and an 8-m fiber (offset + 4-m
fiber) are found to be 1.19 deg and 2.12 deg, respectively.

Consequently, the net phase fluctuations are 0.53 deg,
1.19 deg, and 2.12 deg for the offset only, offset + 2-m
fiber, and offset 4+ 4-m fiber, respectively. These values are
close to the standard deviations in our experimental envi-
ronment. To achieve more accurate phase control, precise
temperature control of the extension fiber and subkilohertz
frequency stability of the control system are required.

5 Conclusion

A phase-shift scheme for RF signals generated by an
optical beat method has been proposed and experimentally
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demonstrated. The phase of an RF signal is tuned by control-
ling a beat frequency. Owing to the beat frequency stabilizer
added to the phase-control system, stable phase control
has been achieved. In the experiments, a tunable phase shift
from O deg to 1400 deg was obtained over the frequency
range from 6 to 10 GHz.
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