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A Wide-Band Microwave Photonic Phase modulators are then combined in an optical coupler and converted
and Frequency Shifter to an RF signal at the photodetector. Two separate lasers are used in
order to prevent interference effects due to combining coherent laser
S. T. Winnall, A. C. Lindsay, and G. A. Knight modes at the coupler.

By appropriate choice of operating conditions, the photocurrent at

) ) ) the detector for RF frequency is given in Appendix | as
Abstract—Advanced radar deception systems require wide-band de-

vices which perform microwave processing of frequency and phase
information. A wide-band microwave photonic phase shifter was con-
structed which is capable of imposing greater than 2 phase shift to

microwave signals in the 2-18-GHz frequency range. The maximum where3, is a linear function of bias voltagg:. The input signal is,

standard deviation from the phase setting was 10(7° typical). The phase ; ; ; ; :
shifter was then incorporated into a frequency translation architecture. therefore, shifted linearly in phase by varying the dc voltageand

The carrier suppression obtained was 50 dB with a spurious harmonic V1. @S originally shown in [5]. _ _
suppression of 23 dB. The photodetector current due to higher harmonics can be calcu-

Index Terms—ntegrated optics, microwave-frequency conversion, mi- lated by selecting appropriate terms of the Bessel function expansion

crowave phase shifters, optical-fiber devices, signal processing. of the modulator transfer function.
In practical systems, amplitude ripple of the hybrid and modulators

gives rise to frequency-dependent phase ripple at the output signal.
. INTRODUCTION The equation for calculating frequency-dependent phase ripple is
Many defense applications require the coverage of a large portiderived in Appendix | as
of the electromagnetic spectrum. There is significant interest in

fout = iPooszl(A) sin(wt + ¢ + 32) (2)

utilizing novel photonic architectures to perform signal processing tout = ipua’m sin(wt + ¢ + ¥(V,w)) (2)
functions in the microwave and millimeter-wave regime. where

An example requirement of defense electronic countermeasures i Ji(AY)
(ECM's) is the ability to perform velocity deception of Doppler radar. U(V,w) = arctan <J1(Al) tan gﬁ) @)

This involves using a frequency shift to impose a false Doppler

signal on the returned radar pulse. A technique called serrodyniaigd the arguments are later defined in the Appendix.

is often used to impose the frequency shift, where the microwaveFor ideal modulator responses and zero hybrid ripple, the Bessel

frequency is translated by the application of a linear phase ranfpnction ratio is unity and (2) is mathematically equivalent to (1),

Phase-shifting systems employing switched-line [1] or ferrite [2S required.

technologies tend to have a narrow bandwidth of operation. Althoughlt can be shown from (3) that the rms phase noise due to laser

monolithic microwave integrated circuit (MMIC) phase shifters havisntensity fluctuations is given by

wide bandwidth of operation [3], the phase shift range is generally ) »

restricted, thus restricting their general utility. (qﬂ) — M
A photonic phase shifter has been demonstrated and constructed, 4

using the photonic analog of a technique known as vector modulatigfere RIN and RIN, are the relative intensity noises of the lasers.

[4]. Previous systems have only reported operation at a singidmiconductor diode lasers can have typically low RIN values

frequency [5], whereas the purpose of this paper is to investiggigpically —140 dBc/Hz). The phase noise contribution will thus be

wide-band operation of the photonic phase shifter. A further aifyych smaller than the phase variation which arises due to amplitude
was to use the photonic phase shifter as the basis for a serrodypgle associated with the hybrid and modulators.

system to apply a controlled frequency shift to a microwave signal.

The photonic architecture has the advantage of extremely wide-band

operation when compared to traditional techniques, with potential fBr Phase Shifter Experimental Procedure

extension of the performance well into the millimeter-wave regime. e phase shifter was constructed as shown in Fig 1. The bias
voltages at the photodetector were set to the values calculated from
(A6). The laser powers were set to 2.5 mW giving a link insertion
loss of approximately 60 dB. The output was then amplified by a
) wide-band amplifier with 45-dB gain over 2-18 GHz, resulting in a
A. Phase Shifter Theory final RF insertion loss of 15 dB.

The system to be analyzed is shown in Fig. 1. The input RF The fiber lengths were equalized with the coaxial line and the
signal is split into in-phase and quadrature components by a 2-pBase shift versus frequency was measured using the Wiltron 360B
GHz 90 hybrid. The in-phase and quadrature signals are usedigctor network analyzer. Fig. 2 illustrates the relative phase shift for
drive two 20-GHz Mach-Zehnder modulators labeled MZM#1 angias settings corresponding to°4phase increments. The maximum
MZM#2, respectively. The optical source for each modulator is a 1.8tandard deviation from the phase setting corresponds to(20
p#m semiconductor Fabry—Perot laser. The optical outputs from ttyical). Also shown in Fig. 2, is the theoretical model using (2),

(3) and theS-parameter measurements of the hybrid and modulators

sin®(232)(RIN; + RINy) (4)

Il. PHASE SHIFTER
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Fig. 1. Experimental layout of photonic phase shifter.
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phase shift;
voltage required to impose this phase shift;
radar operating frequency;
v false Doppler velocity.
For example, in order to impose a false velocity of 300" en the
return from a 10-GHz radar, a frequency shift of 20 kHz is required.
Assuming modulators with a 5-V half-wave voltage, the phase ramp
is required to reach 10 V in 50s. This is easily obtainable with
commercial function generators. In conventional switched delay-line
serrodyne systems [1], spurious harmonics are generated by the
Frequency in GHz discrete nature of the phase ramp. With the system outlined in this
paper, spurious harmonics are generated by the finite time to return
from 2r to zero phase value. An ideal sawtooth function would
produce a perfect tone. A computer model was developed to take
Ill. FREQUENCY TRANSLATION SYSTEM into account the nonideal phase ramp. This involved simulating an

General desirable features of false Doppler deception systems = signal at the required frequency, phase modulating the signal,
clude a wide bandwidth of operation, the ability to suppress unwant@@d calculating the signal Fourier transform. The values obtained
harmonics associated with the frequency translation process, and i consistent with the measured values of carrier and harmonic
suppression of the original carrier signal. It is expected that a photo&iPPression.
implementation should exhibit these features.

- =

Phase shift in degrees

Fig. 2. Phase shift against frequency for°4icrements.

B. Frequency Translator Experiment
A. Serrodyne Theory Experimental ProcedureThe experimental layout for the fre-

Phase shifters can be used as frequency translators for DopidgNcy translation experiment is shown in Fig. 1. The modulators
shifting a microwave carrier [1]. This technique is known as serrd{€reé biased with a 20-kHz sawtooth voltage with a rise-fall time

dyning. Serrodyne systems rely on the application of a linear phd@li0 of 18. Fig. 3 shows the frequency-shifted signal for an input

ramp to shift the input carrier frequency. This phase function fgeduency of 10 GHz. The harmonic suppression was 23 dB below

implemented as a sawtooth function with amplitude &nd period the frequency-shifted signal and the carrier frequency was suppressed

T. The voltage required to impose a particular Doppler shift is gively 20 dB. The value harmonic suppression is typical of conventional
by [6] serrodyne systems [1], but the carrier suppression of the photonic

architecture is twice that of the system outlined in [1]. The levels of
Af _ =2 (5) carier and harmonic suppression can be improved by reducing the
! ¢ ramp fall-time value.
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QUTPUT POWER (dBm) and the dc and static amplitudes as
'30f ;sh'flfted si n‘al ‘ i 8. = mV; vy i—1or2 (A%)
-40) e 1 TV T T '
The required signal component of the photocurrent at frequency
j w is given by

lout = Z{Pl(}’,l J1(Aq) sin By sin(wt + ¢)

4+ PraaJi(Asz)sin o cos(wt—l—d))} (A5)

carrier

where an extra factor of accounts for the 3-dB optical loss of the
fiber coupler.

Initially the static bias setting for phase shift at dc needs to be
determined. Applying the constrainin 3; = cos /3. yields the
condition

[ Va2(0) |- Va2(0) | (2 — 1) Vaa(0)
Ve = {‘/’%1(0)}% - 7 ™ '
Equation (A6) is the relation between the bias voltages required
to perform the phase shift. For two perfectly matched modulators

IV.  COMPARISON WITH MICROWAVE DEVICES Vet = Va2 = Ve ande = 12. When this is the case, (A6) reduces

The photonic system has the advantage of wide bandwidth tofthe expressiodz, = 1V, — ‘7” similar to the expression found in
operation. This is comparable to state-of-the-art MMIC devicd5§]. With ideal modulators and correct adjustment of optical powers
[3], [7]. However, the photonic phase shifter has the capability to LT, o .
perform full 360 phase shifts. The ripple in the phase is of an tout = ZPOG"’J1 (A)sin(wt + 6 + Fa). (A7)
equivalent performance. The bandwidth of operation can be increasedhus, the input signal is linearly shifted in phase by a dc voltage
by increasing the bandwidth of the hybrid and modulators. Vo = f(11).

The disadvantages of the photonic system include the high opticaFor wide-band operation, differing modulator frequency responses
loss and cost of the fiber-optic link. Higher harmonics are alggive rise to a variation in the value &f: [8]. Frequency-dependent
generated, as illustrated by the form of (A5). However, if the systeamplitude ripple in the hybrid results in a varying input voltage

-100 50 0 T 50 100

Fig. 3. Frequency-shifted spectrum for 10-GHz center frequency. (AB)

application requires a photonic link, the photonic phase shifter allows each modulator. Allowcos ¥ = J1(Aq)sinf; andsin ¥ =
a new degree of functionality to be incorporated. J1(Ay)sin .. By imposing the bias constraintsn 51 = cos 32
and the optical power constrainkg a; = Poas = Py, (A7) now

V. CONCLUSION reduces to

. T . .

A wide-band photonic phase shifter and frequency translator have lou = Tloam sin(wt+ ¢+ ¥(V,w)) (A8)
been demonstrated. The phase shifter is capable of imposingvigere
phase shift on a microwave signal of over &cross the 2-18-

GHz frequency range. This result compares favorably with MMIC Ji(Ay)

phase-shifting techniques [3], [7]. The phase ripple with frequency needs to be estimated in terms

The frequency shifter is capable of shifting a microwave carrigfi measured hybrid and modulatSkparameters. The available RF
over the frequency range 2-18 GHz with a carrier suppression of 30, o voltage is modeled as

dB and a spurious harmonic suppression of 23 dB.
This system can be implemented as an optoelectronic integrated Vi (w) = (RnR1)1/2|S§P(w)|\/1 - |Sﬂ) (w)F (A10)
circuit (OIEC) in order to improve performance and reduce size a
weight. Extension to cover the 4-40-GHz range is possible using
existing technology. S

¥ (V,w) = arctan <J1(A2) tan %) (A9)

§{>(w) the frequency-dependent transmission of the modula-

tor;
SQP (w) the hybrid frequency-dependent ripple of the in-phase
APPENDIX arm:

In this appendix, an expression for the photodetector current isSﬁ)(w) the input reflection coefficient of the modulator;
obtained. The RF transfer function of the first Mach-Zehnder electro-P., RF input power to the hybrid;
optical modulator is given as Ry terminating resistances of each modulator.

Py [aVi(w) . Vi / A similar expression exists forz(w). .
P = 5 O | @) sin(wt + ¢) + Vr (0) + v . The frequency-dependent RF half-wave voltage is [8]
‘w1 71
(A1) Vs (w) = Vi (0)107 1527 ()1/20, (A1)

Similarly, the output from MZM#2 (quadrature signal) is given by
Thus, the expression for the first argument of the Bessel function in

P, = Pf(g)“z cos {”“,z(“}) cos(wt + ¢) + % + L/;g}. (A5) is
w2 W w2 N ]
(A2) A TBBR)IS @)1 = 151 )1 X
For convenience, assign the RF-dependent amplitudes as S0= v (0)10_“92(13(”)‘/20 (A12)
‘1
A, = Vo () j=1or2 (A3) A similar expression exists for the argument of the second Bessel

Vaj(w) ' function.
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