
Experimental characterization of phase tuning using
fine wavelength offsets in a tunable

complex-coefficient optical tapped-delay-line
Salman Khaleghi,1,* Mohammad Reza Chitgarha,1 Omer F. Yilmaz,1 Moshe Tur,2 Michael W. Haney,3

Carsten Langrock,4 Martin M. Fejer,4 and Alan E. Willner1
1Department of Electrical Engineering, University of Southern California, Los Angeles, California 90089, USA

2School of Electrical Engineering, Tel Aviv University, Ramat Aviv 69978, Israel
3Department of Electrical and Computer Engineering, University of Delaware, Newark, Delaware 19716, USA

4Edward L. Ginzton Laboratory, Stanford University, Stanford, California 94305, USA
*Corresponding author: khaleghi@usc.edu

Received September 30, 2013; revised December 27, 2013; accepted December 31, 2013;
posted January 3, 2014 (Doc. ID 198309); published February 3, 2014

We use fine-detuning of pump wavelengths to adjust the tap phases in a complex-coefficient optical tapped-delay-
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Tapped-delay-lines (TDLs) are key building blocks for
various analog and digital signal processing applications,
including finite impulse response (FIR) filtering, wave-
form generation, correlation, equalization, and discrete
Fourier-transform [1,2]. In a TDL, the incoming signal
is tapped at different time intervals; each tap is multiplied
by a complex (amplitude and phase) coefficient, and taps
are then added together. Optical implementations of
TDLs have been of interest for many years [3–5]. Because
tunable filters can provide more functions than static fil-
ters, it may be useful to develop optical TDL schemes
that allow for continuous tunability of the TDL parame-
ters to accommodate different applications [2].
Recent work on optical TDL systems has investigated

fixed fiber-based structures [3], cascaded Mach–Zehnder
interferometers [4–6], and opto-electronic approaches
that utilize microwave techniques [7]. In general, these
optical approaches tend to be either fixed or partially
tunable over a finite range for some parameters.
Recently [2], we experimentally demonstrated a fully

tunable complex-coefficient optical TDL (FIR filter)
based on conversion/dispersion delays in which all cru-
cial parameters of the TDL (number of taps, tap delays,
tap amplitudes, tap phases) could be changed by varying
the properties of the tunable pump lasers that were in-
jected into the system [2]. The system utilized nonlinear
wavelength multicasting, conversion–dispersion tunable
delays, and nonlinear multiplexing to achieve tunability
and reconfigurability. With this technique, the tap ampli-
tudes and delays can be independently determined by the
power and wavelength of the pump lasers, respectively.
In our previous demonstrations, [2], a phase program-
mable filter (based on spatial light modulation) was
required to set the tap phases. This implementation, how-
ever, may not be appropriate for integration purposes.
In this Letter, we theoretically derive and experimen-

tally characterize an alternative technique for adjustment
of the tap phases, using fine frequency detuning of the

pump lasers. While propagating through the delay-
generating dispersion elements in our system, the pro-
posed frequency detuning is converted to the required
tap phases. Our results demonstrate the continuous 2π
tunability of phases with a laser frequency detuning
of <20 GHz, with negligible error on the wavelength-
dependent tap delays. The amount of fine-detuning
required depends on the dispersion parameter and the
difference between the pump wavelengths [8].

Figure 1 illustrates the principle of operation of our
tunable optical TDL. First, cascaded second order χ�2�

nonlinear processes of sum frequency generation
(SFG), followed by difference frequency generation
(DFG), are exploited in a periodically poled lithium nio-
bate (PPLN) device with the aid of multiple tunable
dummy pump lasers to multicast the signal to N copies
at different frequencies. The cascaded χ�2� processes of
SFG–DFG in a PPLN device resemble the χ�3� process
of four-wave-mixing (FWM) in highly nonlinear fibers
[9,10]. The signal at frequency ωsignal, and a continuous
wave (CW) pump at ωP1, symmetrically located around
the quasi-phase matching (QPM) frequency ωQPM of the
PPLNwaveguide, mix through the SFG nonlinear process
and the resulting signal then mixes with dummy pumps at
ωDi through the DFG process. These cascaded mixings
create signal copies at frequencies ωCi � ωsignal in�
ωP1 − ωDi. Subsequently, these replicas travel through
a chromatic dispersive element (e.g., a dispersion com-
pensating fiber (DCF) of length L and group velocity
dispersion parameter β2) at different speeds, incurring a
distinct time delay with respect to the first copy Ti ≈
Lβ2�ωDi − ωD1� [11]. Finally, these N replicas and their
dummy pumps are sent into the second PPLN device to-
gether with another CWpump atωP2 to bemultiplexed us-
ing the cascaded SFG–DFG processes, resulting in a
multiplexed output signal at frequency ωsignal out �
ωDi � ωCi − ωP2 � ωsignal in � �ωP1 − ωP2�. As discussed
in [2], the multiplexed output signal is proportional to
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(1)

in which Esignal in�t� is the electric field of the input opti-
cal signal and Esignal out�t� is the electric field of the
output of the TDL. EP1 and EP2 denote the electric field
amplitudes of the CW pumps at ωP1 and ωP2, respectively,
which uniformly affect all copies (taps). The asterisks
denote complex conjugation. The products EDiE�

Di, which
are proportional to the powers of the dummy pumps,
serve here as the amplitudes of the FIR filter taps. The
phase of each tap is mainly determined by the chromatic
dispersion experienced by ωDi, namely, [2]:

Φi � −2
X∞

n�0

�ωDi − ωQPM�2n
�2n�! Lβ2n

� −2Lβ0 − �ωDi − ωQPM�2Lβ2 −…; (2)

in which βk � ∂kβ∕∂ωkjω�ωQPM
is the kth derivative of the

wave’s propagation parameter β�ω� calculated at angular
frequency ωQPM. We note that because of the symmetry of
ωDi’s and ωCi’s around the QPM frequency, only the even
terms remain in the Taylor series expansion in Eq. (2). To
achieve the required tap phase, Φi should be augmented
by an adjustable component ϕADJ

i . Thus, the relationship

between the input and output of the system can be
written in the form of a complex-coefficient FIR filter as

Esignal out�t� ∝
XN

i�1

jhijej∠hiEsignal in�t − Ti�; (3)

inwhich hi is the complexweight of the i-th delayed copy.
Its amplitude is the power of the i-th dummypumpωDi and
its phase is related to the physical parameters of the
system according to ∠hi � �Φi � ϕADJ

i �. In [2], a phase
programmable liquid crystal on silicon (LCoS) filter was
used to adjust ϕADJ

i . This LCoS can now be omitted if,
instead, the same phase adjustment is obtained by a
fine-detune of the ωDi pump frequencies. Indeed, if ωDi
is detunedby δωDi andwhenωCi andωDi are symmetrically
located around ωQPM, the tap phase changes by

ϕADJ
i � δΦi ≈ −2Lβ2�ωDi − ωQPM�δωDi; (4)

where the contribution of higher order even terms (e.g.,
β4) will be experimentally confirmed to be negligible.
Unavoidably, this δωDi will also affect the delay through

δTi∕Ti ≈ δωDi∕�ωDi − ωD1�: (5)

We studied this trade-off and determined that, for pumps
reasonably far from each other and/or ωQPM, this delay
error can be practically ignored.

In summary, tap delays for the required FIR filtering
are set by coarse-tuning of the pump wavelengths; the
amplitudes of the tap weights are determined by the
pump powers and their phases are adjusted by fine-de-
tuning of the pump wavelengths. Finally, the number
of taps can be scaled by using more dummy lasers. Be-
cause more taps occupy more bandwidth, the increase in
the number of taps is eventually limited by the bandwidth
of the components in use and their maximum power tol-
erance. The PPLN used can provide >70 nm conversion
bandwidth for multicasting using SFG–DFG [9]. The re-
quirement of tunable pumps adds to the system complex-
ity; however, tunable pumps can enable a wide range of
tuning for tap delays, which may be difficult to achieve
with alternative approaches [3–6].

Figure 2(a) shows the experimental setup for the char-
acterization of the detuning-induced phase adjustment.
A CW input signal at wavelength λsignal ≈ 1540.8 nm, a
pump at λP1 ≈ 1559.2 nm, and a dummy pump at λD1 ≈
1549.5 nm combined with another tunable (for different
delays) dummy λD2 (at ∼1552.2 nm, ∼1554.1 nm,
∼1555.9 nm, or ∼1557.7 nm) are separately amplified, fil-
tered, and launched into the first 4-cm-long PPLN wave-
guide for multicasting. The output spectrum of PPLN 1 is
shown in Fig. 2(b). For the calibration of the proposed
detuning-induced phase adjustment, the output is also
sent into an already calibrated amplitude and phase pro-
grammable LCoS filter that (i) passes the signal copies
and dummy pumps, but blocks the original signal and
λP1 pump and (ii) is used to measure (with 5° accuracy)
and validate the amount of phase shift created by the
detuning. Subsequently, the copies and pumps pass
through either a spool of ∼170 m or ∼450 m DCF with
a dispersion parameter of −2πcβ2∕λ2 � −80 ps∕nm∕km.
These two DCF spools allow for experiments with a total

Fig. 1. Principle of operation of a complex-coefficient optical
TDL, having three taps in (a) block diagram and (b) schematic
spectrum of the three main stages: (i) the input signal is multi-
cast to multiple copies where the wavelengths of the new cop-
ies and their powers are determined by the wavelengths and
powers of the ωDi dummy pumps that create them independ-
ently; (ii) dispersive medium induces delays between the signal
copies by coarse-tuning of ωDi pump wavelengths and enables
adjusting the tap phases by fine-detuning of ωDi pumps; and
(iii) multiplexing the weighted and delayed copies to a single
channel to form the output signal.
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dispersion of 15 ps∕nm or 34 ps∕nm. Next, the signals
are amplified, filtered, combined with a CW pump λP2,
and sent to the second 5-cm-long PPLN waveguide. Am-
plified signals and pumps are filtered before the PPLNs to
eliminate the residual EDFA noise and wave mixing para-
sitic terms at the frequencies of the generated output sig-
nals. The QPM wavelengths of the two PPLN waveguides
are thermally tuned to ∼1550 nm. The λP1 pump is split
and used as λP2 as well; therefore, the multiplexed output
signal lands on the original signal frequency [Fig. 2(b),
PPLN 2 output spectrum]. The output signal is finally
filtered and sent to an optical spectrum analyzer (OSA)
for power measurements. Later in the Letter, and to fur-
ther assess the performance of the system, the CW signal
is modulated using an IQ modulator to generate a quad-
rature-phase-shift-keyed (QPSK) signal at the 31 Gbaud
data rate (pseudorandom bit sequence of length
231 − 1) and detected using a coherent optical receiver.
Because only two taps are used to study the phase

tuning characteristics, the output has the form of
y�t� � x�t� � jh0jej∠h0x�t − T�, which can result in con-
structive or destructive interference depending on the
value of ∠h0 � ϕADJ

i . The amplitude of the tap is set to
jh0j � 1 by choosing appropriate powers for the dummy
lasers. The value of ϕADJ

i can be adjusted in this setup by
wavelength detuning or the LCoS filter, or both, where
the LCoS filter can negate and cancel the effect of the
detuning, thereby also measuring it.
Figure 3(a) shows the multiplexed signal for the

two cases of constructive and destructive interference,
creating a peak or a null with a >35 dB extinction ratio.
In Fig. 3(b), the wavelength of λD2 (located 4.1 nm from
λQPM) is finely detuned and the power is measured for
twodispersionvalues.Theresultingsquared-cosine-shape
fringescloselymatch theoryderived inEq. (4), andonecan
see that higher dispersion would require finer tuning.
Figure 4(a) shows the theoretical and experimentally

measured phases induced by fine-detuning the tap
wavelengths.Aspredicted inEq. (4), the slopeof thephase
change versus frequency depends on the separation

between the wavelength of the pump and that of the
QPM. Taps with a longer time delay require larger
pump–QPM wavelength separation and require less
fine-detuning. Figure 4(b) illustrates fine-detuning of
the CW pump located 4.2 nm away from the QPM wave-
length [i.e., solid line in Fig. 4(a)].

In Fig. 5, the amount of frequency detuning required for
a 360° phase shift is plotted versus the relative location of
the tap (i.e., tap delay) for different dispersion values.
Once again, theory and experiments are in agreement,
proving that the longer delays and larger dispersions re-
quire less detuning. For taps that are very close to the
QPM wavelength, the required detuning becomes signifi-
cant due to its hyperbolic dependence on 1∕�ωDi − ωQPM�.
It is worth noting that if the first tap is chosen reasonably
far from the QPMwavelength., the phase tuning is limited
to <20 GHz. However, the part of the spectrum that is
close to the QPM wavelength could be wasted (i.e., fewer
taps can be achieved). Furthermore, for delays that are

Fig. 2. (a) Experimental setup for the tunable optical TDL us-
ing optical multicasting, conversion/dispersion delays, and op-
tical multiplexing. (b) Output spectra of PPLN 1 and PPLN 2.

Fig. 3. (a) Constructive or destructive interference could cre-
ate a peak or a null at the output, used for phase characteriza-
tion. (b) Interference fringes caused by fine-detuning of pump
frequencies for different amounts of dispersion.

Fig. 4. (a) Measured phase induced by frequency fine-
detuning for various tap-to-QPM wavelength distances.
(b) Fine-detuning the wavelength of the dummy pump, λD2,
which induces the phase delay in (a).
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very large, a very small amount of detuning might be re-
quired, which can be accomplished using acousto-optic
modulators [12]. Utilization of external modulators for
large numbers of taps canmake the systemmore complex
compared with the original LCoS approach. However, we
note that if the taps’ pump spacings are closer than
the LCoS resolution, the pump fine frequency detuning
approach might be preferred.
The effect of fine-detuning on time delay error is de-

picted in Fig. 6. According to Eqs. (4) and (5), the maxi-
mum relative delay error (corresponding to ϕADJ

i � �π)
decreases proportional to π∕�Lβ2�ωDi − ωQPM��ωDi−

ωD1��, i.e., higher tap delays experience lower delay er-
rors, and larger dispersion values cause lower errors;
therefore, we considerD � 34 ps∕nm and the delay error
is plotted versus a phase induced by the fine-detuning
method. For our case, in which the signals are in the
C-band, the worst case tap delay error is <10% and
can be reduced by placing the taps farther from the
QPM wavelength.
The amount of frequency fine-detuning required for a

2π phase shift depends on the distance to the tap from
the QPM wavelength [Figs. 4(a) and 5(a)]. If longer DCFs
are used, then finer tuning will be required. However, for
a given tap delay (i.e., multiplication of DCF dispersion
and wavelength separation is given), there is a trade-
off between choosing longer DCFs and smaller wave-
length spacing (i.e., more taps but shorter tap-delay
tuning range) and shorter DCFs with a longer tap-tuning
range. For both cases, the fine-detuning required can be
made negligible compared with the tap-wavelength
spacing. Because more taps (ωDi) naturally appear fur-
ther from the QPM wavelength and, consequently, the
first tap, and because delay error is proportional to
1∕��ωDi − ωQPM��ωDi − ωD1��, it is intrinsic to the scheme
that when more taps are added, this delay error becomes
negligible, as shown in Fig. 6.
To assess the effect of delay error on the output sig-

nal quality, a 31 Gbaud QPSK signal is sent to a 2-tap
TDL with a one-symbol time delay between taps. As a re-
sult, the TDL works as a 2-tap QPSK correlator. Two taps
are considered because they experience the largest delay

error as a result of wavelength fine-detuning. Figure 7
depicts the input and output constellation diagrams, result-
ing in ∼1% larger error vector magnitude (EVM) in the out-
put signal when the tap phase is changed from 0 to π.
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Fig. 5. (a) Required frequency detuning for 2π phase shift on a
tap versus tap-to-QPM wavelength distance for various DCF
lengths. (b) Spectrum showing tap delay variation.

Fig. 6. Theoretical relative delay error versus phase applied by
fine-detuning of pump wavelengths for D � 34 ps∕nm disperi-
son at different delays (wavelength separation).

Fig. 7. Input 31-Gbaud QPSK signal constellation diagram and
output of a 2-tap correlator with tap coefficients [1 1] and [1 −1].
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