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Abstract—We demonstrate a new type of broad-band mi- shifting modules. Nonetheless, phase-shifting elements based
crowave phase shifter with superior performance at frequencies on semiconductor devices such as field-effect transistors
up to 20 GHz. This is implemented by simply adding an offset [4], and Schottky or p-i-n diodes [5] suffer from relatively

voltage prior to the loop filter (LF) in a laser-diode-based digital high i . | hil : high .
optoelectronic phase-locked loop (OEPLL). Accurate control of Igh insertion loss while operating at higher microwave or

the phase of microwave signals with a continuously tunable range Millimeter-wave frequencies.
exceeding 640 (~3.6r) is achieved. The phase fluctuation and  Recently, optical distribution of narrow-band microwave or
g’r:‘(%eég 0:2;'[ gfc?\?gI de;ir;gl gnazs?r ﬁgifrtefggvgs ﬁ’;:;' iﬁft'::t;ﬁ?t millimeter-wave clock signals has attracted much attention due
can be méintari)ned Wi%lﬁin 0.09 while operating ir?a phase-shift-y o its many advantages, e.g., compatibility to fiber-optic net-
keying (PSK) scheme. We also demonstrate accurate control of WOTKS, €lectromagnetic immunity, ultrahigh operating band-
relative phase difference between dual phase-locked microwave width with ultra-low distortion, etc. Furthermore, the optical
sources using the phase shifter. Our results indicate potential control of microwave or millimeter-wave components has also
application of this broad-band optoelectronic phase shifter in a peen accomplished by using a medium whose properties (such
phased-array antenna system. as dielectric constant or conductivity) at microwave frequen-
Index Terms—Microwave, optoelectronic, phase shifter. cies can be dynamically controlled by optical illumination.
Based on these advanced concepts, several optical [6]-[8]
and optoelectronic [9]-[11] phase-shifting schemes have been
) ) . _demonstrated at frequency up to several gigahertz. For ex-
HE phase shifter is a key microwave component which,nje optical implementations of true-time-delay phase shifts
has been extensively employed in various systems sing fiber-optic delay [6] or a variable opto-mechanical
for communication, instrumentation, and measurement @5y jine [8] have been demonstrated. Lately, optoelectronic
microwave frequencies [1]. For certain special applicationg,qe shifting at 7 GHz has also been reported by controlling
such as the phased-array antenna system, an ideal phase siyfleryc pias-current of an RF-modulated laser diode [11].
for an individual microwave oscillator should simultaneouslhecenﬂy’ we have successfully developed a laser-diode-based
meet several requirements. These include higher powgfgelectronic phase-locked loop (OEPLL) for phase-tracking
handling capability, broad-band and frequency-independgple 1 nning microwave signals beyond 20 GHz [12]. It is well

operation, accurate and continuous phase control, etc. Mpst,\n that a phase-locked voltage-controlled oscillator (VCO)
phase shifters developed earlier were of the mechanical tyﬂ?'the phase-locked loop (PLL) can generate a relatively

These consist of either a set of microwave waveguides WEh

I. INTRODUCTION

; N Y ure and narrow-band microwave signal with ultrahigh phase
various lengths or a certain kind of transmission structu

. _ (?ability. Thus, the OEPLL technique can further allow phase
with tunable length [2]. In 1960, the emergence of the ferrltt?acking of the microwave oscillator to a set of optically

and electronic phase shifters lead to a new era of phaﬁ?s’tributed clock signals generated from a gain-switched laser

shifting technology [3]. The waveguide-type phase-shiftirgide (GSLD) [13]. The overall operating bandwidth of the

devices can now accurately control the required phase s PLL has shown to be well beyond the 3-dB bandwidth of
via the true-time-delay technique. However, these are usu Nrmonics of the GSLD pulses

frequency-dependent, narrow-band (only 5%-10% of the

central frequency), and bulky. With the advent of monolithict- In this paper, we further extend the OEPLL technology

. : - : demonstrate a novel broad-band optoelectronic microwave
microwave integrated-circuit technology, the aforementlonea]

disadvantaaes have been laraelv overcome. This trend dase shifter with its operational frequency beyond 20 GHz.
to the devgelo ment of h briéJ oyr full monblithic hase 'ghly accurate phase shift was achieved from such an
b y y P OEPLL-based phase shifter (OEPLL-PS). Characteristics such

as the maximum phase-shifting range, linearity, insertion

gagUSCfLiPt feceiveftihsegem?eftﬁ 199?- Electio-Ontic  Engineer loss, and long-term phase stability of the OEPLL-PS were
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Fig. 1. The configuration and equivalent noise model of the OEPLL-PS. RFS: radio-wave frequency synthesizer. LF: loop filter. PC: phase comparater.

that the current technique is potentially useful in phased-arrafnere Aéy o is the phase shift of the VCO caused by the
antenna systems. Vrer. Equation (2) represents the effect of the offset voltage
VrEer prior to the LF on the phase change of the microwave

Il. SYSTEM ANALYSIS signal from the VCO. Owning to a relatively large loop

The configuration of the OEPLL-PS is schematically show@@in in the OEPLL passband, we can make the following
in Fig. 1. The basic principle can be explained by deducirfPProximation:
the phase change of the VCO from the equivalent noise model F(s)K,/s

of the OEPLL. By using nodal analysis, we can express the 1+ K. F(s)K,/s ~1/Kq. (3)
effect of phase shift and phase noise on the desired phase of ] ] ]
the output from VCO as As a result, the phase shift of the microwave signals from
OEPLL-controlled VCOA#y o is linearly proportional to the
0. =6ir — [(fvco — fasLp) + Pornm + Pput] offset voltageVier as follows:
Drr }
Or = | —— + D1 /n F(s)Ky /s
" [ N /N Abyvco = VreF OLY) ~ Vrer/Ka = RqVrEr-

1+ K F(s)Ky /s
Oastp =MPrr + MO ave + Poomb + rp aF(s)Kv/ @)

Ovoo =[0cKa + Ns(®1) — Vrer]F(s)Ku/5 + Pveo (1)
That is, the phase change of the microwave signal can be

where 6. is the phase difference of the input signal angontrolled by simply varvin without the use of hiah-
the reference at the phase detecty; is the phase of the g0 oncy ci¥cuit fo%wpo:engtﬁs/.}{'?‘ﬂe paramefer= /(7! wit%

intermediate frequency (IF) reference signal derived from tr&eunit of degree/volt, represents the phase sensitivity of the

RF synthesizer through the dividék o is the phase of the OEPLL-PS system. In typical PLL systems, it is mandatory

VCthO n ;he OEth)rI;L unto_lerlcl?)sekd-l_oop Icfnd't'%n’ gﬁs@EBD Thto choose a phase detector with a larger phase-gain constant
'S The phase ot Ine opfical clock signat trom the : 4. This, however, will lead to a smaller phase sensitivity.

phase noise of each component in the OEPLL is denoted ¥ a result, the maximum phase-shifting range is reduced.

23 With. c?rresgon?ingt.subin;j?;:es. n acéditic(;ﬁ(s) if_ thel Thus, an optimal design of the phase-comparing circuit for
f'I; on’ll_z'a:m retjnfsfer lér}g 'on Oth € secon t—orter f"’};‘ |veh 00&’chieving larger phase sensitivity without degradation of the
llier (LF), and X, and X, are the gain constants of the p asBhase—comparing ability (against the selection rule of the phase

detector and the VCO, respectively. o
’ . tivit ded f h systems.
In (1), we have assumed that an offset volt&ger is added sensitivity) is needed for such systems

prior to the LF. By substitutingr, fvco, andfgsLp into &.,

we can rewrite the phase chan@eco of the output signal

from the VCO phase locked to the clock signal as follows: The block diagram of our experimental apparatus is also
Vier]  KaF(5)K,/s shown in Fig. 1. It is similar to the OEPLL system reported

rco ~ | M P 1— i = i io-
tvco RF + PsysTEM Kb |1+ KaF(s)K, /5 previously [13]. A GSLD & = 0.8 um) driven by the radio

I1l. EXPERIMENTAL METHOD

wave frequency synthesizer (RFS) HP8657A operated in the

+ ®veco continuous wave (CW) mode was used to generad® ps
1+ Kal'(s)Ko/5 pulses atf, ~ 500 MHz. The pulse train functioned as the
~Bppr — Vipr F(s)Ky/s optical clock. The VCO was a broad-band synthesized sweeper
1+ K4F(s)K,/s (HP83620A) operated in the dc—FM mode. A photoconductive

=®pr1, + Abvco (2) switch with a 30xm gap in a microstrip line fabricated on a
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. . . Fig. 3. (a) The linearity of the digital-phase-detector-based OEPLL-PS. (b)
Fig. 2. ~(a) Phase shift versus controlled voltage of the 20-GHz microwa¥@e deviation of the real phase shift from the linear phase change of the

signal from the VCO by using APC- or DPC-based OEPLL-PS. The spectrufis|oq-phase-detector-based (dashed line) and digital-phase-detector-based
of a phase-locked VCO phase-shifted4a320 and—320° is shown into the {ﬁolid dot) OEPLL-PS.
e

inset. (b) The maximum phase-tuning range and the phase sensitivity of
OEPLL-PS as a function of operating frequency.
better noise figure (e.g., an HP8662A with a specification of

—125 dBc/Hz or less).
semi-insulating (SI) GaAs substrate served as the optoelec-
tronic harmonic mixer (OEHM) [14]. It was employed for IV. RESULTS AND DISCUSSIONS
intermixing the microwave signal and harmonics of the laser

pulse train to generate an IF signal. The IF signal was amplifiedWe hqve studied the performance of_thg OEPLL-PS at
by a 50-dB low-noise amplifier and converted to a digita[requenues up to 20 GHz. For characterization of the phase

signal by a voltage comparator (National Semiconducto‘?bange of the microwave signal from the phase-locked VCO,

LM319). The phase of the digitized IF signal was comparé’&e used high-speed osci_llators an(_j spectrum analyzers or the
with that of the IF reference clock using a digital phasi€duency down-conversion technique [11]. In this paper's

detector (PC Motorola MC4044). The IF reference clock signgfPSeduent sections, the maximum phase-shifting range, lin-
was derived from the RFS through a divider/§). The earity, ultrawide-band, and frequency-independent operation,

error signalV, = K0, + Vagr Was then fed to the VCO as well as the extremely high phase stability of the OEPLL-PS,

through an active LF. The phase of the VCO can, therefore, B described.

shifted to a desired value by varyifggr. The OEPLL allows o

stable optoelectronic phase locking of the VCO at frequencifs Phase-Shifting Range

fm = N f,=£ fir beyond 20 GHz to the 40-50-ps optical pulse The phase of the VCO operating at 500 MHz can be tuned
trains from GSLD. The single-sideband (SSB) phase noisefodm —320° to 320 as the offset voltage was adjusted from
the VCO phase locked to the RF§,(= 500 MHz) at 1-kHz —-3.6 to 3.6 V. This is shown in Fig. 2(a). The maximum
offset is as low as-75 dBc/Hz. Note that the correspondingphase-shifting range and phase sensitivity are® §40+1.87)
SSB phase noise of the RFS is approximate§0 dBc/Hz. and ~92°/V, respectively. Except fotVrer| < 0.5 V, the
Further improvement of the performance on the SSB phagstase shift is nearly a linear function Bkgr. The nonlinear-
noise figure can be achieved by simply using an RFS wiity is mainly due to the finite rising time of the digital signals to
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TABLE |
PERFORMANCE OF OEPLL-PSAND CONVENTIONAL PHASE SHIFTERS
Type fo Abghitt ABerror rms)  ABms  Tioss (dB) Broadband Ref.
(GHz)
Waveguide (true 40 <20° +2° - 1.3 no (12%) 2
time delay)
Ferrite 2to 40 +5% - no 3
Digital FET 18-40  180°, 90°, 45° £10° - 9.5+2.5 no 4
3 Bit
Electronic 1.5 468° 2.6° 0.8° yes 15
PLL
Analog varactor  6-18 360+17° - 27+13 no 9
Fiber Optic (true  2-18 100° 5° - no 6
time delay)
Optoelectronic 60 360° 0.1° ~40 no 8
Our Work 0.08-20 >600° +3.27°  <x0.39° <3 yes

be phase compared in the digital phase comparator (DPC). The APC-based OEPLL-PS, as shown in Fig 2(a). This is due
phase-shifting range of our OEPLL-PS has been measuredaathe nonlinear phase gain of the APC, which is proportional
2-GHz intervals and found to be frequency-independent uptw both the amplitude and the cosine of phase difference of
18 GHz, as shown in Fig. 2(b). At 20 GHz, the phase-shiftirifie input signals.

range narrows down to 60@~ +1.677). This corresponds to

the tuning of reference voltage from3.2 to 3.2 V. Beyond B. Linearity

this range, the OEPLL-PS tends to unlock, causing the phaserhe phase comparing function of a conventional mixer-
of the microwave Signal to fluctuate. The Sl|ght reduction iBased (Or mu|tip|ier-based) APC is basica”y a frequency-
the phase-shifting range at 20 GHz is primarily attributed t@ultiplication process. As a result, the error voltage output
the following factors: the increasing conversion loss (defingebm an APC is a cosine function of the phase difference
as power ratio of IF to RF signal) of the OEHM from39 petween the signals to be compared. Such a nonlinear trans-
dB at 500 MHz to 80 dB at 20 GHz, and the degradatiofer function is an intrinsic disadvantage of the APC-based
of SSB phase noise of the phase-locked microwave sig@PLL-PS. By using a DPC in the OEPLL-PS, the linearity of
from —75 dBc/Hz at 500 MHz up te-35 dBc/Hz at 20 GHz. phase shift as a function of control voltage can be improved.
As a result, the signal-to-noise ratio (SNR) of the OEPLLFhis is shown in Fig. 3(a). We also measured and compared the
PS is reduced. If the power of the GSLD or the bandwidibhase deviation as a function of the intended phase shift for the
of the OEHM can be increased, the operation bandwidth APC- and DPC-based OEPLL-PS’s. The phase nonlinearity of
the OEPLL-PS can be further improved. A nearly “constanti DPC-based system for a desired phase change is less than
phase and frequency-independent (from 500 MHz to 20 GH£JL%, as shown in Fig. 3(b). The accuracy of the reference
gain K4 ~ 0.62 V/rad was calculated from the measurememoltage was about#0.01 V. Further reduction of the phase
data [see inset of Fig. 2(b)]. deviation can be achieved by using a more accurate and
We have studied and compared the performance of usigigble dc voltage source. In comparison, the APC-based system
a DPC instead of an ana|0g phase comparator (APC) in tﬁg’\ibits a Iarger phase error with its maximum value of up to
OEPLL-PS system. We found that the phase-gain constar?0°. Clearly, linearity of the DPC-based OEPLL-PS is much
of the OEPLL-PS with an APC (EXAR, XR-2208) is abouguperior compared with the APC-based system. Our results
0.89 V/rad. This corresponds to a phase sensitivity of onfifé comparable with other types of phase-shifting schemes
64°/V, which is lower than using a DPC. The higher phasteported in the literature (see Table I).
gain of an APC compared to the DPC in the OEPLL-PS is _ o _ .
beneficial, as the phase error signal is larger during phdse Phase-Shift Stability and Phase-Shift Keying Measurements
detection. On the other hand, it requires a larger tuning voltageThe short-term phase fluctuation (10 s) and long-term phase
Vrrr for a desired phase change. In addition, we have alddft (30 min) of the OEPLL-PS were evaluated by monitoring
observed a narrower phase-shifting range of less thah fi20 the IF signal using a lock-in amplifier. At 500 MHz, the
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Fig. 4. (a) The overall phase fluctuation and long-turn phase drift of the )
OEPLL-PS operated at 500 MHz. (b) The rms phase fluctuation as a functieig. 6. The program-controlled low-frequency PSK (top trace) and continu-
of operating frequency. ously phase-tuning (bottom trace) test of the OEPLL-PS.

root-mean-square (rms) phase fluctuation and phase drift @FPLL-PS. This is performed by introducing a digital clock
the phase-shifted microwave signal were less than°0ads (V»» = 3.2 V) from the analog/digital (A/D) output of the
~0.08, respectively, as shown in Fig. 4(a). The maximurPck-in amplifier as a offset voltage source. After switching,
phase fluctuation is only 0°1 Similar phase stability with a the phase fluctuation was as low #9.09". This is shown
rms phase fluctuation of less than O(inaximum: 0.18) and N Fig. 6. The highest phase-modulation frequency tested was

minimal phase drift (0.080r less) was achieved for operating2PProximately 1-2 kHz. This means the phase-hopping time
frequencies up to 18 GHz [see Fig. 4(b)]. However, at 20 GHZONStant (or switching time) of the OEPLL-PS is from 509

the phase stability degraded with a rms fluctuation of ©.3¢§° 1 ms. This is more than sufficient for most applications.
(the maximum is 0.59. This can be understood by the facpl!r results_also compare WeI_I with prewously_reported data
that the phase fluctuation of the phase-locked signal tendsUing true-time-delay electronic PLL or photonic approaches

increase linearly with the microwave frequency due to high&F€€ Table 1).

SSB phase noise at higher frequencies (see Fig. 5). In addition, . . '
a dramatic increase in amplitude fluctuation at microwag Relative Phase-Shift Between Two Phase-Locked VCO's

frequencies higher than 18 GHz worsen SNR of the down-We have also demonstrated the feasibility of adjustable
converted IF signal from the OEHM, which in turn degradegshase shift between two phase-locked VCO’s using two
the noise-suppressing ability of the OEPLL system, due @EPLL-PS’s. The schematic diagram is shown in Fig. 7. In
excessive amplification of noise associated with the IF sign#tis experiment, the optical clock generated from the GSLD
Based on the experimental results, we conclude that the powets delivered to the individual OEPLL-PS module by using
and the SNR of the IF signal prior to the phase comparatar50/50 beam splitter. Two independéri{rr Ssources were
should be at least larger thar85 dBm and 10: 1, respectively.used to control the phase shift of each OEPLL-PS. All of
We also conducted a PSK experiment to verify the phaste microwave coaxial cables used in the experiment were
tracking capability of the OEPLL-PS during phase-hoppingpproximately of equal length. The microwave signals from
operation. It allows us to estimate the switching response of tthee two phase-locked VCQO’s both operated at 500 MHz
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Fig. 8. Relative phase shift of (af Gand (b) 180 between microwave signals output from two phase-locked VCO's at a frequency of 500 MHz.

were monitored by using a sampling oscilloscope (Tektronids, Comparison with Other Phase Shifters

CSA830), which is shown in Fig. 8(a). By tuningzgr of )

one OEPLL-PS from 0 te-1.9 V, a relative phase difference 10 compare our OEPLL-PS system with other phase
of 180° between the two phase-locked VCO'’s was observefifters, we .|ISt the typical .performance for different types
as depicted in Fig. 8(b). The maximum phase change betwédnphase shifters reported in Table |I. Key parameters such
two phase-locked VCO’s via the adjustment of the referen@s the maximum operating frequencf,), maximum phase-
voltage Vigr prior to LF in one of the OEPLL-PS’s is shifting range Qf,,.x), phase error &fe...;) deviated from
shown in Fig. 9. By using an HP 8560E spectrum analyz#te intended phase change, rms phase fluctuatiof.(),

with resolution bandwidth of 1 Hz, the central frequency o&nd insertion loss 7f.ss) are shown [1}-[11], [15], [16].
microwave signals from the phase-locked VCO was monitorddie true-time-delay microwave-waveguide-type or electronic
to be invariable during the phase-tuning procedures. Thispbase-shifting schemes exhibit relatively low phase error
illustrated in the inset of Fig. 9. In the present scheme, we haaed/or insertion loss. Unfortunately, they are not broad-band
obtained a maximum phase-shifting range of approximatef§gvices, and thus require a complete set of waveguides with
640> between two microwave signals, while the phase of oresired phase shift for a given frequency. In comparison,
of the phase-locked VCO'’s was maintained at a desired valae fiber-optic-type true-time-delay system was reported [6].
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switching time of the phase change while operating in a PSK
scheme can be less than 1 ms. As an application, we have also
demonstrated the control of relative phase difference between
dual phase-locked microwave sources. These results suggest
a potential application of the OEPLL-PS in a phased-array
antenna system.

The merits of the present approach are: 1) intrinsic com-
patibility with fiber-optic distribution networks; 2) shifting the
phase of microwave signals using low-frequency electronic
circuits; 3) ultra-wide bandwidth up to terahertz is feasible
with the development of shorter laser pulses and faster photo-
conductive switches; and 4) the GSLD-based OEPLL system
is compact, compatible with fiber-optic networks, and has an
ultra-wide optoelectronic phase-tracking bandwidth. Such an
OEPLL-PS can be used for remote frequency-independent
ntrol of relative phase difference among individual mi-
crowave sources in phased-array antenna. As laser diodes
generating ultrashort pulses become available, the extension

In this system, the phase shifter was achieved by usingofithis technique to higher microwave and millimeter waves
wavelength-tunable laser diode in combination with dispersis@oyld be straightforward.

fiber-optic links. However, residue frequency-dependent phase
shift was present. On the other hand, the OEPLL-PS exhibits
much larger operation bandwidth and phase-shifting range,
which is frequency-independent. Thus, the instantaneous]
bandwidth is smaller than that all-electronic phase shifter[z]
Nonetheless, the switching time of the OEPLL-PS can be as
short as 1 ms or less (see Section IV-C). The bandwidth d8l
the OEPLL-PS is, therefore, sufficient to meet the demand qf‘
a phased-array antenna or radar system [1]. As compared
with the fiber-optic or optoelectronic phase shifters, the

OEPLL-PS exhibits minimal insertion loss (less than 0.1 dB”!
at 20 GHz) of microwave signal. Furthermore, no additional6]
optical or waveguide-typed delay line are required by using

the OEPLL-PS. In comparison with conventional electronic

PLL-type phase shifters, [15], [16] the repetition frequency7]
of the GSLD, which serves as the optical clock for the

OEPLL-PS, can be easily tuned to phase lock broad-bang
microwave signals. By using a frequency-translated phase-
locking technique, none of the microwave integrated circuits,

except a photoconductive OEHM, are needed, and onl]
lower frequency IF phase detector and related electronic
devices are required. Furthermore, broad-band operatiq
of this system beyond the 3-dB frequency bandwidth of
GSLD and photoconductive mixer can be easily achieved Vﬂﬁ]
amplification of the IF signals instead of microwave signals.

V. CONCLUSION [12]

In summary, we have developed a novel optoelectronic
phase shifter for operation at microwave frequency up s
20 GHz. By simply adding a dc-offset voltage prior to the
LF in a laser-diode-based digital OEPLL, the accurate control
of the phase of microwave signal with ultrawide phasgi4]
tuning range exceeding 64@~3.6r) was achieved. Extreme
linear response of the actual phase shift, which deviated
from the intended phase change withit3.3°, has also been [15]
demonstrated. Ultrahigh stability with rms phase fluctuatio
and long-term phase drift at any phase shift of less th
+0.4° and 0.08, respectively, at 20 GHz was realized. The

16
6]
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