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Abstract: We experimentally demonstrate compensation of nonlinearity due to cross-gain
modulation in wideband analog systems employing narrow-band optical filtering, which is
essential for multi-channel optical signal processing in RF channelizer applications.
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1. Introduction: Input signal channelization is often employed in wideband RF signal processing applications to
significantly reduce the bandwidth required for analog-to-digital conversion (ADC). There has been significant
progress in integrated optical filters [1] that suggests that optical channelizers can be made for RF signal
channelization; optical bandpass filters select a small portion of a modulated optical signal spectrum. In such an
electrical-optical-electrical (E/O/E) link, an arbitrary wideband RF signal with multiple frequency components
suffers not only from intermodulation distortion (IMD) due to non-linearity, but cross-gain modulation (XGM)
effects can be pronounced when multiple signals compete for available optical signal.

We have previously derived an analytical expression for the transfer function of an optically filtered phase
modulated coherent analog photonic link valid for arbitrary passband RF signals [2]. In this paper, we extend the
analysis to wideband RF signals with bandwidth larger than the bandwidth of the optical filter, as typically
encountered in channelization applications. A number of electronic and optical methods such as predistortion [3]
and post-processing [4, 5] have been employed for compensating the intermodulation distortion in photonic analog
systems. We show here how the impact of XGM can be mitigated through postdistortion compensation using joint
nonlinear estimation. We then experimentally demonstrate for the first time to our knowledge, compensation of
nonlinearity due to XGM in such filtered multi-channel photonic systems. Although multi-channel sub-carrier
multiplexed (SCM) systems are also constrained by nonlinearity, they generally constrain the modulation depth of
individual channels and exploit pre-distortion compensation to extend the useful aggregate modulation depth [6].
Here we demonstrate methods applicable to an optically channelized system.

2. System description: Consider a phase modulated filtered coherent analog multi-channel photonic system as
shown in Figure 1(a). The output of a continuous wave (cw) laser is phase modulated by an input RF signal. A
Mach-Zehnder modulator biased for carrier suppression is used so that the carrier and all even order sidebands are
suppressed. The modulated signal is then optically filtered by a bank of filters to select a portion of the first order
upper sideband and reject the higher order harmonics. At the receiver an LO signal is used to coherently
downconvert to an intermediate frequency g resulting in the detected electrical signal S(t). An example of XGM
distortion effect is shown in Fig.1 (b) that shows the time-domain waveforms for signals in two frequency bands
(referred to as signal and interferer) at various power levels of the interferer tones (the signal tones power level is
fixed at 0dBm). The signal waveform shows pronounced distortion due to XGM as the interferer power levels are
increased, while distortion of the interferer is predominantly due to its own 3™ order intermodulation terms and is
not impacted by the weaker signal.

We have previously derived [2] the expression for the recovered signal S(t) for an arbitrary passband input

signal z(t) = p(t)sin(o,t+3(t))

S(t) o« J,(Ao(1)) sin(@t +9(1) 1
where g =7 /V_ and Jy(.) is the first order Bessel function of first kind. Now consider a general wideband RF input
signal 7(t) = kak (t)sin (o, t + 4 (t)) with multiple frequency components «x. Distinct from systems in which the

aggregate collection of channels is collectively detected (e.g. SCM systems), we consider here the use of an optical
filter bank to select the first order upper sideband of each «. The detected electrical signal Sy(t) after coherent
downconversion can be derived as

Sc(®) = [T3:(80,) 3, (Bo,) sin( @t + 9, (1) @

p=k
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Terms up to 4™ order are included in Equation (2). Comparing Equations (1) and (2) it is seen that the first product
term modulates the response and represents the nonlinear distortion due to XGM, while the J;(Bp) term represents
IMD. As an example, consider an RF input signal with four tones, two tones each centered on frequency @ and ..
In this case J(t) = 0. We can write Z(t) = 23 X, cos(dit)sin(at)+2/ Y, cos(d,t)sin(w,t) , where the four tones are at
(an £ &) and (@, = &,). Consider the signal at @, and how it is impacted by by a strong interferer at «, after filtering.
The response after the optical filter at frequency , is given by
E(t)], o Jo(28 X%, cos(6,1))J, (28 Y, cos(S,t))sin( w,t)
Z 3)

~ Kl—ﬂ;)(gJ + @ cos(251t)}[ﬁ Y, €0s(J,t)sin( a)zt)]

Equation (3) shows that XGM produces images (sidebands) of the original signal offset by 25, whose intensity
varies as (8x,)°.

The effects of IMD and XGM can be mitigated in systems where all signals S, (t) are recorded. The system of
equations in Equation (2) are readily solved for p,(t) using the Newton’s method or Levenberg—Marquardt

algorithm. In this analysis the sinusoidal term in Eqg. (3) was removed by traditional carrier recovery. These
methods are particularly effective since the Jacobian has an analytical representation. The Jacobian is well
conditioned as long as - J,(p,) >0.
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Fig. 1: (a) Optically filtered coherent analog multi-channel photonic system. (b) Time-domain waveforms for signal and strong interferer tones
showing considerable distortion on signal tones.

3. Experimental setup and results: The experimental setup is similar to that shown in Fig. 1(a). We use four tones
(two tones each in two frequency bands) to emulate a wideband input RF signal. The four tones are generated from
four synthesizers and passively combined before being amplified by the modulator driver amplifier.

The output power of a 1550nm laser is first amplified to 16 dBm and then split between the signal and the LO
paths for phase modulation. The input RF signal Z(t) is four tones, two tones each for the signal and the interferer.
The two tones for the signal are at frequencies 5.997 GHz and 6.001 GHz spaced by 25, = 4 MHz, while the
interferer tones are at frequencies 2.490 GHz and 2.497 GHz spaced by 28, = 7 MHz. The power level for the signal
and interferer tones can be varied with an attenuator. After being passively combined, the four tones are split and
then each is amplified using an RF amplifier (P,gg = +21dBm, OIP; = +30dBm) for complementary drive to a dual-
drive LINbO3 MZM. The modulator is biased for carrier suppression, which also advantageously suppresses all
even-order sidebands. A fifth synthesizer provides the LO RF signal at ay o = 6.049 GHz to downconvert the signal
band. The phase modulated optical signals are combined after which a narrowband optical filter with a 3-dB
bandwidth of 350 MHz filters the upper sideband centered at 6 GHz, presenting >20 dB suppression to the interferer
channels at ~2.5 GHz. For each frequency band the output is coherently detected by tuning the LO frequency to
either 6.049GHz or 2.5435GHz, resulting in the recovered signal S(t) centered at an IF of @y = 50 MHz. The
detected signal is monitored on an RF spectrum analyzer and recorded with a 20GSa/s real-time scope (8 bit ADC
resolution without averaging, 2.5 GHz BW). The end-to-end optical loss was calibrated for each measurement.

In Fig. 2(a) we plot the power of the fundamental (triangles) and IMD3 (squares) as a function of modulator
drive power for both signal (solid symbols) and interferer (open symbols) when each is present individually. As
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expected, in each case the fundamental and the IMD3 show the characteristic response with slopes of one and three
respectively. The dotted line shows the suppression previously derived [2] of IMD3 though postcompensation that
can be obtained by inverting the response of Eq. (1) when only a single frequency band is present. Next we consider
the case when both signal and interferer tones are present. Figure 2(b) plots the power of the fundamental for the
signal and the power in the XGM sidebands at frequency (e, + &+ 26;) (see Eq. (3)) as the interferer tones power
levels is changed. It is clearly seen that when both frequency bands are present simultaneously, the sidebands due to
XGM grow with a slope of two, while the gain of the fundamental is compressed. Post-processing was next applied.
The resulting sideband power is suppressed by 25-30dB and is also plotted in Fig. 2(b) (open squares). Figure 3(a)
shows the postcompensation corrected time-domain waveforms for the signal tones. Also shown for comparison are
the undistorted signal waveforms (when no interferer is present) and the distorted signal due to XGM. The corrected
waveform closely follows the undistorted signal waveforms. The corresponding RF spectrum shown in Fig. 3(b)
illustrates ~30dB XGM sideband suppression and ~20dB IMD3 suppression after postcompensation.
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Fig. 2: (a) Fundamental and IMD3 as a function of input RF power for signal (solid symbols) and interferer (open symbols) when each is present
individually. (b) Signal fundamental and XGM sideband as a function of input interferer power.
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Fig. 3: (a) Time-domain waveforms for signal tones showing the original signal, distorted signal due to XGM and postcompensation corrected
signal. (b) RF spectrum showing the fundamental and XGM sidebands before (dotted line) and after (solid line) postcompensation correction.

4. Conclusions: We have analyzed the impact of nonlinearity due to cross-gain modulation in wideband filtered
multi-channel analog photonic systems and experimentally demonstrated the suppression of XGM sidebands and
third-order IMD using post-processing that is based on inverting the link response. These methods, while effective,
are highly sensitive to gain calibration error.
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