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Abstract: We present a post-distortion linearization technique for a semiconductor optical
amplifier Mach-Zehnder interferometer (SOA-MZI) photonic sampler. The sampling source is
an active mode-locked laser producing 12.6 ps-width pulses with a repetition frequency of 10
GHz. The mathematical model for the linearization technique is presented and then evaluated for
the quasi-static regime, i.e. sampling continuous-wave signals, and for the dynamic regime, i.e.
sampling sinusoidal signals. A significant improvement in terms of total harmonic distortion
(THD) equal to 23.4 dB is observed for a modulation index equal to 80% in the quasi-static
regime, matching the highest observed THD improvement in the dynamic regime.

© 2021 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Analog Radio over Fiber (ARoF) links provide a set of performance advantages for handling
microwave signals, and in particular the large bandwidth, the low attenuation, the high immunity
to electromagnetic interference and the decreased size and weight of the fiber transmission
medium. As a result, ARoF photonic links find application in 5G, radar, Internet of Things (IoT),
electronic warfare, and analog-to-digital conversion [1-8]. Additionally, optical links can be
designed to realize signal processing functions in order to increase the flexibility and boost the
performance of such systems.

Sampling is a fundamental signal processing function of ARoF. Initially, the sampling process
was realized in the electrical domain, which impeded the exploitation of its full potential due
to the limited electronic bandwidth and the timing jitter of electronic oscillators [7,8]. Lately,
however, sampling in the optical domain has become an attractive technological alternative owing
to its ability to combine the advantages of AROF links with the possibility of using a low jitter
mode-locked laser [9,10] as the sampling signal [8,11,12]. Moreover, by being part of an ARoF
scheme, optical sampling allows for the optical source of the signal to be sampled and of the
sampling signal to be physically distant from each other, thus enhancing the versatility of the
process.

The difference in performance potential between electrical and optical samplers can be
highlighted by comparing some key performance metrics of the two modules. More specifically,
an electrical sampler employed in a state of the art 6 bit Analog to Digital Converter (ADC) of
flash architecture has a sampling frequency of 10.3 GS/s with a bandwidth ranging from 3 GHz
to 6 GHz [13]. On the contrary, a Mach-Zehnder Modulator (MZM)-based optical sampler in an
implementation of time-stretch ADC has a 480 GS/s sampling rate with a bandwidth of 50 GHz
[14]. More complex electronic ADC architectures employing 64 elementary ADCs have been
proposed in [15] achieving a 56 Gs/s sampling rate with 31.5 GHz analog bandwidth but at the
expense of a very high complexity.

Nevertheless, because the sampler characteristic function is not linear, the distortion products
that appear at the output degrade the performance of the link, especially for signals with high
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modulation indices [12,16,17]. Thus, mitigation of nonlinear distortion i.e., linearization, is the
key in order to improve the performance and expand the exploitable input power range of the
photonic sampler [12,16].

A significant performance improvement of the optical sampling process has been achieved by
employing a post-distortion linearization technique and applying it to an MZM [12,16]. The
potential of this technique gave rise to the idea of applying a similar post-distortion linearization
method for the first time to a Semiconductor Optical Amplifier Mach-Zehnder Interferometer
(SOA-MZI).

Photonic sampling employing a SOA-MZI has been used for the application of photonic
microwave mixing in [17-23], since the SOA-MZI is an all-optical module which uniquely
combines a low excitation power, a high extinction ratio and a high switching efficiency with the
simultaneous signal amplification [24,25].

Total Harmonic Distortion (THD) is a fundamental metric for almost any communication
system, especially in the context of broadband RF systems [26,27]. High THD may signify
interference for other equipment or require elaborate filtering at the expense of increased cost
and complexity of the AROF link. Recently, THD has been evaluated for the SOA-MZI photonic
sampler in [17,28]. Applying the post-distortion linearization technique to this case aims exactly
at minimizing THD of the SOA-MZI photonic sampler.

In this paper, we present, for the first time to our knowledge, the proof-of-concept of a
post-distortion linearization method for a SOA-MZI sampler, and we demonstrate through theory
and experiment its feasibility, potential and effectiveness. The remainder of the paper is organized
as follows. In Section 2, we describe the principle of operation and formulate the mathematical
model of the SOA-MZI post-distortion linearization method. In Section 3, we provide the
experimental setups, define the conditions used for the validation of the method and introduce
empirical correction coefficients for obtaining the final form of the power estimation equation. In
Section 4, we present optical sampling results in the time domain, explain how the post-distortion
method is applied and compare the THD, before and after the application of the post-distortion
method, for sinusoidal signals of different frequencies and modulation indices. Additionally,
a THD estimation is given, assuming that ideal sinusoidal signals at the SOA-MZI input are
sampled, so as to establish the potential of the method in terms of maximum THD improvement.

2. Principle of operation of the post-distortion linearization method

Figure 1 illustrates the principle of operation of the post-distortion linearization method in a
SOA-MZI. In this method, the function of sampling is obtained using a Modulation architecture
presented for the first time in [17] and in detail in [23]. In the SOA-MZI, a sampling pulse train
of instantaneous power P, center wavelength A¢, repetition rate f¢ and equal amplitude pulses
generated by a mode-locked laser, is applied at input C, while a sinusoidal signal to be sampled of
instantaneous power P4, modulation index M1, center wavelength 14 and frequency f} is applied
at input A. These signals interact inside the SOA-MZI via Cross-Phase Modulation (XPM), so
that the pulse train is amplitude modulated in accordance with the variations of the amplitude of
the signal to be sampled. The result of this process at A¢ is obtained at the SOA-MZI outputs I
and J, which are complementary, i.e. the outcomes therein exhibit opposite variations.

The use of the Modulation architecture [23] means that the sampling signal with a repetition
frequency fc is only amplified, so fc can be very high due to the high optical amplification
bandwidth of the SOA, despite the dynamics of the SOA carriers. On the other hand, the signal
to be sampled, at the frequency f4, must be below the cutoff frequency of the XPM process,
which depends on the dynamics of the SOA carriers. As a consequence, the analog bandwidth of
the SOA-MZI photonic sampler is limited by the XPM bandwidth, which is between 5 GHz and
6 GHz for the specific operating conditions used in this paper [28].
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Fig. 1. Conceptual diagram for application of post-distortion linearization method in a
SOA-MZI photonic sampler.

In our photonic sampling architecture, we use a technique referred to as post-distortion
linearization that combines at each sampling instant the power for the complementary ports I and
J to invert the SOA-MZI transfer function. In order to achieve this, the two signals emerging
from ports I and J are detected by an oscilloscope and the recorded datasets are stored. Then,
a signal processing unit exploits the mathematical model that is formulated in subsection 2.1
and subsequently empirically corrected by a simple optimization process based on experimental
results in subsection 3.2. This is done in order to linearize the output and estimate the power of
the signal to be sampled, P4, using the stored datasets from ports I and J, the operating parameters
of the SOA-MZI as well as the empirical correction coefficients.

2.1. Mathematical model

The SOA-MZI input power injected at port C is assumed to comprise a train of Gaussian-shaped
pulses, and hence it can be expressed in the time domain as [29]:

2
(K
PC:PC,peakZeXp —4ln2( fc) R (D)
M

where P pqqr is the peak power, fc is the repetition frequency or sampling rate and T4, is the
full-width at half-maximum pulse width of each u-th distinct pulse. The sinusoidal input power
injected at port A can be expressed in the time domain as [23]:

Py = Py ag[l + mcos(2nfat)], 2)

where Py 4, is the average power of P4 and m is the MI.
The SOA-MZI output power emerging from ports I and J at the wavelength A¢ is given by the
following equations [23,30]:

1

Pi=g [G1 + Gy +2vG1Ga cos (b) — B, + @0)] Pe 3)
1

Py = 3 [G1 + Gy — 24/G1 G cos (P —¢z+<150)] Pc “)

where G, G, are the SOA1 and SOA2 optical gains, respectively, at ¢, @1-®; is the phase
difference induced by XPM between the two arms of the interferometer, and @ is the static
phase shift equal to @y;-Dg, which is considered to be zero in our operating conditions. The
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analysis that follows is based on the assumption that the physical parameters of the two SOAs
incorporated in the MZI are identical, as well as that Isoa1 = Isoa2 =Isoa. SOAX gain Gy is
defined as follows:

G, =exp(gnil), xe€{1,2}, 5)
where L is the active region length and g, . is the SOAX net gain, which is defined by:
8nx = I'8mx — Aints (6)

where I is the active zone optical confinement factor, @, is the internal loss and g, . is the
SOAx modal gain defined by:
8mx = ac(Ny — Ny), (7

where ¢ is the peak-gain coefficient, N, is the SOAx carrier density and N is the carrier density
at transparency. Using Eq. (3), Eq. (4) and @( =0, the difference between P; and P; becomes:

1
P, —-P;= E\/Gle cos(@; — D;)Pc. (®)

Now we can express the phase difference between the two arms of the SOA-MZI in relation to
the output powers, P; and P;, and the input power of the sampling pulse train, Pc:

_ 2 PI_PJ)
D) — Dy = cos”! . 9
e [ ®

Taking the sum of the powers P; and P; and expressing the input power P¢ in relation to the
output powers Pr, P; and the gains G| and G, results in:

P+ P
41 J

Pc = . 10
¢ G+ Gy ( )
Using Eq. (10) and solving for G| we get the following expression:
Pr+P
G =4ttt o (1
c
Substituting the expression for P¢ from Eq. (10) in Eq. (9) we have:
1P —P;G1+G
AD =By — by = cos™! |z LT (12)

2P+ Py VGG, ’

In order to couple the phase difference A® with the input signals injected into ports A and C at
wavelengths 14 and A¢ and of power P4 and Pc, respectively, we use the carrier density rate for
SOAT1 and for SOA2. Carrier density rate for SOAL1 is given by [31]:

D = B0 Ry (V1) = ReM1) = Rar(N1) = RNy, ()
t qV

where I5p4 is the SOA1 bias current, q is the elementary electrical charge, V is the active zone
volume of SOA1, R4(N;) and Rc(N;) are the recombination rates due to the amplification of the
optical carriers at wavelengths A4 and A¢, respectively. R,,(N) is the non-radiative recombination
rate and R4sg(N) is the recombination rate due to the Amplified Spontaneous Emission (ASE).
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The cumulative influence of R, and R4sg can be taken into account by introducing the term R:

N
R(N}) = Ryr(N1) + Rase(N)) = 71 (14)

where 7 is the SOA effective carrier lifetime derived from 7,,,, which is related to R,;, and Tasg,
which is related to R4sr, employing the equation [32]:

1
L (15)
T Tnr  TASE

Using the approximation that the SOA gain at wavelength 14 is the same as that at A, as in [23],
R4(N,) is given by:

144 I'gmy G1 -1

Ry=—-—

2 hc gna Vv

Py, (16)

where £ is Plank’s constant and c is the speed of light in vacuum. Similarly, Rc(N}) is given by:

l/lCFgmlGl_1
4/’lC 8n,1 \%4

Rc = Pc. a7

Applying Eq. (14), Eq. (16) and Eq. (17) to Eq. (13) and using the approximation I"g,,.1 = gu.1,
as in [23], we obtain:
dNi _Isoa N1 1 44

Ae
A p (G -1) - =L Pe(G -1 1
a  qvV 1 3 hey A0 )4hVC(G1 ) (%)

We develop our model on the assumption of a static SOA regime, which is defined by =; a T =

Although by making such an approximation it is expected that the SOA and SOA- MZI response
will deviate from the real one, still the inevitable discrepancy can be kept acceptable within the
considered operating range of use of this device and module, respectively. Furthermore, the
model’s accuracy can be improved by applying an empirical correction approach, as it will be
described in Section 3. In this manner, we manage to formulate a sufficiently precise model
while preserving its simplicity and its ability to produce analytic solutions.

We can express the SOA1 carrier density in the static regime by the following equation:

1 hel, SOA 1A A

Ny = - —P G -1 ——P G -1, 19
U= TaclPu | eq c(G1-1) - 37 A(G1 - 1) (19)
where Py, is defined by [23]:
heV
Py = ———. 20
T eTacLt 20)

For SOA2, provided that its physical parameters (I, @, L, Py,,) are the same as for SOA1, and
given the fact that a single optical signal passes through it at 1¢, we have, after following the
same analysis as for SOA1:

1 hel
Ny = [CSOA

1
— =Pc(Gr - 1)]|. 21
I'acLPy, Acq 4 C( ? )] @l

From Eq. (19) and Eq. (21), we obtain the difference between the SOA1 and SOA?2 carrier density
by:

1
I'acLPg,

1 1A
—Pc(Gy - Gy) - EfPA(Gl - 1)] : (22)
C

N —N, = 1
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The linearized expression of the SOA active zone effective refractive index as a function of carrier
density is given by [33]:

on
Nex = Neo + B_A?(Nx -No), xe€{1,2}, (23)

where n, is the refractive index at transparency. Using Eq. (23) and Eq. (22), we can calculate
the phase difference between the SOAs’ outputs. This difference at wavelength A, is given by:

a 1 1A
G| — Dy = —2 |~ P(G) — Gy) + E/l—iPA(Gl -1, (24)

2P, | 4
where ay is the linewidth enhancement, or Henry’s, factor, defined by:

_47r on,/ON _ 47 On,
Ac OTgnr/ON — AcTac ON’

ag =

(25)

Although Eq. (12) has been derived using time domain equations, i.e., P4, P;, Py, are the
instantaneous powers at ports A, I and J and G, G, are the instantaneous gains of SOA1 and
SOA2, respectively, Eq. (24) has been derived using their average values. Equating Eq. (12) and
Eq. (24) permits us to express P4 as a function of measured parameters (powers and gains) and
thus approximate it empirically by:

e 2 (2P 1P -P;Gi+Gy| 1
Py = C { thOSJ [_ 1=y 2 ——PC(GI_GZ)}' (26)

TG -1 2P +P; \GiG, | 4

It should be underlined that Eq. (26) is universal and thus it applies in general for a SOA-MZI.
This holds since the specific expression is a function of fundamental parameters, i.e., input signal
parameters such as the power P¢ and the wavelengths 14 and A¢, SOA physical parameters, such
as Pgq and ay, SOA operating parameters, such as G, Gy, and SOA-MZI output powers, P;, P;.

aH

3. Linearization of sampled continuous-wave signals
3.1.  Experimental setup

Figure 2 shows the experimental setup for conducting a quasi-static characterization of the
SOA-MZI (CIP 40G-2R2-ORP) response in order to choose the average power of P4. This type
of characterization incorporates the dynamics and the behavioral changes caused to the SOA-MZI
response by the utilization of optical pulses, as opposed to a pure static case. An Optical Pulse
Clock (OPC) source, which is an active mode-locked laser (Pritel model UOC-E-05-20), is driven
by an RF generator at a frequency f¢ equal to 10 GHz and provides an optical pulse train of
12.6 ps full-width at half-maximum pulse width. The signal produced by the OPC, centered at
Ac =1557.4 nm and having its average power adjusted by an optical attenuator to be constant at
— 15 dBm, serves as the sampling signal that enters SOA-MZI port C. The two phase-shifters
@y and D, integrated to the SOA-MZI package, as well as the polarization controller (PC1)
are tuned in such a way that the optical power at output port J is minimum when the power at
input port A is zero. A continuous-wave signal tuned at 14 = 1550 nm enters SOA-MZI port A
and serves as the signal to be sampled. The average power of the pulses at outputs I and J was
measured, after optical filtering centered at A¢ with a 3 dB optical bandwidth equal to 0.7 nm,
using an optical power meter.

Figure 3 shows the response of the SOA-MZI at outputs I and J as a function of the average
value of P4. We can observe the nonlinearity of the SOA-MZI response, which hence underlines
the need to improve the linearity of the response as a function of the power P4 of the signal to be
sampled. The maximum range of injected P4 values in which the linearization method can be
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As=1550 nm
| SOA-MZI P = variable
Aa Couper fa= 10 GHz
32 \ = Ac=1557.4 nm
\ Pc=-15dBm

Coupler

Switch
OBPFIH{PM2
2X1

Isoa1 = lsoaz = 360 mA
OBPF1is tuned at A¢

Fig. 2. Quasi-static characterization experimental setup in order to choose the average power
of P4. Att: Attenuator. OSA: Optical Spectrum Analyzer. PC: Polarization Controller. RF:
Radio Frequency generator. PM: Power Meter. OPC: Optical Pulse Clock source. OBPF:
Optical Band-Pass Filter.

exploited lies between a response minimum and maximum, due to the fact that the argument of
the cos™! function in Eq. (26) should not exceed +1. We choose the first such range between
— 30 dBm and — 5 dBm. The obvious choice for the average value of P, is at the middle of this
range (i.e. — 8 dBm), so that an intensity-modulated signal with a MI of 100% can take power
values within the whole permissible range of P4 values. To ensure that we never surpass, even
instantaneously, the maximum in case of an eventual fluctuation due to temperature changes, the
average value of P, is chosen 1 dB lower than the middle of the specified range, i.e. — 9 dBm.

10

€ . P} =Pl
[+2]
3 — s g
= 5 TN
()] g ®%,
3 r N
n- |
5 0 v |
=3 o I
- »
3 I
° o |
E _5 ° o4 ° T ’ |
& I
S P, = -9 dBm—»
“ |

-10

-30 -20 -10 0 10

P,(dBm)

Fig. 3. Quasi-static response of SOA-MZI.

3.2. Linearization and model corrections

The linearization method is applied on the sampling of continuous-wave signals shown in Fig. 3.
First, G, is measured optically and found equal to 26.8 dB. Afterwards, the average values of Py,
P; and P¢ as well as the previously measured G, are used in order to recover the values of Gy
from Eq. (11). With G, at every point in Fig. 3 known, the nonlinear phase shift 4® can also be
recovered from Eq. (12). Finally, the estimated P, is given by Eq. (26). The value of the Py, /ay
ratio is 5.82 mW. It is worth noting that the optical gain G, at the lower arm of the SOA-MZI,
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does not depend on changes in P4, therefore G, only needs to be measured once at the beginning
of the process.

Observing the results in Fig. 4(a), we notice that we have an offset error and a slope gain
error. These differences are due to the simplifications made throughout the above theoretical
development, such as the perfect symmetry between the SOA-MZI arms, the identical physical
parameters I, @., L and P, for SOA1 and SOA2, the negligible SOAs internal losses ajp
compared to I'gm 1, 1i.e. I'gm1 = gn1, and @ =0. Thus to correct the slope and offset of the
estimated input power, we apply two empirical correction coefficients denoted by ‘gco’ and ‘off”,
respectively, which are estimated using the experimental results. To this end, P4 can be estimated
by the use of the following expression:

5 e 2
=920 | — —
AT 8N G -1

2P sat,C

AD — %Pc(Gl - Gz)) + Oﬁ. (27)

aH

In Fig. 4(b), we introduce ‘gco’ and ‘off” coefficients as in Eq. (27), and then we optimize their
values by using a least squares approximation in order to minimize the error between P4 and P,.
The optimized values are equal to 0.48 for ‘gco’ and equal to — 17.9 uyW for ‘off”.

——P —P ——P P, error
0.6 4 4 0.32 4 2 o 5 o
(a) (b) a
4 F
e~ < 0.24

2 04 S =
E E 38
u = 0.16 s
] o 2 8
: : 3
a a 0.08 =
1z
=S
0 (0 e

0 0.08 0.16 0.24 0.32 0 0.08 0.16 0.24 0.32

P,(mwW) P,(mw)

Fig. 4. Comparison of the estimated P4 after the application of the post-distortion
linearization method and the injected P4 for the quasi-static results in Fig. 3 without the use
of coefficients (a) and with ‘gco’ =0.48 and ‘off =— 17.9 uW (b).

Utilizing the linearization technique for continuous-wave signals, while employing the ‘gco’
and ‘off” empirical correction coefficients as in Fig. 4(b), we obtain an average error as low as 1.76
uW between P4 and P, for the whole range between 0.0001 mW and 0.32 mW or equivalently
between — 40 dBm and — 5 dBm.

4. Linearization of sampled sinusoidal signals
4.1. Experimental setup

The linearization measurement setup in the dynamic regime is shown in Fig. 5. The SOA-MZI
sampling pulse signal is produced, and @¢;, @y, and PC1 are adjusted, in the same way as in
quasi-static regime measurement. A continuous-wave signal tuned at 14 = 1550 nm is intensity-
modulated by an MZM, which is biased at the quadrature point with Vj;,s =3.1 V and produces a
sinusoidal Double Sideband Full Carrier (DSB-FC) signal whose frequency fy is provided by an
RF generator. The DSB-FC signal serves as the signal to be sampled that enters SOA-MZI port
A. The average power of P, is chosen at — 9 dBm, as previously mentioned.

The power of the pulses at outputs I and J as well as the power at input A are measured after
optical filtering an average error as low as betweenusing a sampling oscilloscope (Keysight
N1000A DCA-X with N1030A calibrated optical plugin), and the datasets of the three signals
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Fig. 5. Linearization measurement setup. MZM: Mach-Zehnder Modulator. DCA: Keysight
N1000A Digital Communication Analyzer.

are recorded and saved. Additionally, G; is measured optically and found equal to 26 dB. Also
the value of P¢ corresponds to the pulses peak power. An example of a signal to be sampled with
fc =1 GHz and MI=60% is shown in Fig. 6(a), and of the sampling signal in Fig. 6(b). The
corresponding sampled signals at port I and J are shown in Fig. 7(a) and Fig. 7(b), respectively.

0.25 0.3
(a) (b)
p 0.25 ¢ 8 8 3192
0.2 ““"’%} gﬁ ! ? ){ 8 1 8 1e s
3:;‘;‘ ‘,fj - 02 [ [ @ @ %
$ 015 \ £ = %%%%%%%mmw
E :‘ fk 2015 @® @ .3 @® ®
= 0.1 Y 4 ©
< % P al ® ® ® *» ®
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%«M, i 00 il -} fi o0 fl ol f 00
0.05 0.05 o 00 9 00 ot 0% 79 0% ot 0%
0 o <WNINUULUWGS
0O 02 04 06 08 1 0O 02 04 06 08 1
Time (ns) Time (ns)

Fig. 6. Input power at SOA-MZI port A (a) and port C (b).

All oscilloscope measurements have been obtained using averaging acquisition mode of 1024
values. The optical plugin RMS noise, which is the main source of error in the oscilloscope,
is 45 uW. Due to averaging the measured RMS error of the time domain results is reduced to
45/N1024 =1.41 pW.

4.2. Sampled sinusoidal signals and linearization

The first step of the signal’s treatment is the isolation of pulses’ peaks for port I and port J
depicted by the dashed line curves in Fig. 7(a) and Fig. 7(b), respectively. The signal processing
that follows is performed on the pulse peaks which are the samples that result from the sinusoidal
signals’” sampling. The peak power of Pc input pulses, Pc peax, is approximately calculated from:
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Fig. 7. Power at port I (a) and port J (b) of the sampled signal for f4 = 1 GHz and MI = 60%.
The first step of the signal’s treatment is the isolation of pulses’ peaks for port I illustrated
by the dashed line in (a) and for port J illustrated by the dashed line in (b). All oscilloscope
measurements have been obtained using averaging acquisition mode of 1024 values.
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Fig. 8. Comparison of the normalized values between the estimated P, the injected P4
and the direct SOA-MZI output P;. (a) f4 =1 GHz and MI =40%. (b) f4 =1 GHz and
MI =60%. (c) f4 =0.25 GHz and MI =80%. (d) f4 =0.5 GHz and MI = 80%.
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PC,ave

PC,peak = (28)

fcTfmm”
where Pc 4. is the average power of Pc. In our case, Pcgvwe =- 15 dBm, fc =10GHz and
T'twhm = 12.6 ps, and thus Pc peqx is approximately 0.25 mW or -6 dBm.

The next step is the recovery of dynamic gain G; using Eq. (11) and of the dynamic nonlinear
phase shift A4® from Eq. (12), corresponding to every pulse peak or sample. Finally, P4 is
calculated using Eq. (27), while the linearization model parameters and ‘gco’ and ‘off” empirical
correction coefficients are optimized to minimize the mean squared error between P4 and Py.
A visual comparison between P, and P, for fr = 1 GHz with MI =40%, for fc = 1 GHz with
MI =60%, for fc =0.25 GHz with MI = 80% and for f¢ = 0.5 GHz with MI=80%, is shown in
Fig. 8(a), (b), (c) and (d), respectively. The average percentage error in Fig. 8(a) is 60% before
the application of the linearization method, whereas it is 8.1% after the application. Similarly,
the average percentage error in Fig. 8(b) is 15.3% before the application of the linearization
method, whereas it is 13.4% after the application. The corresponding values before and after the
application of the linearization method are 52.3% and 8% in Fig. 8(c), and 66.6% and 13% in
Fig. 8(d).

5. THD linearization performance

In order to obtain the electrical spectrum of P;, P4 and P,, a Fast Fourier Transform (FFT)
is performed on the respective time domain signals. An example of the electrical spectrum
of Py, P4 and P, for the case of fc =1 GHz and MI=60% is shown in Fig. 9(a), (b) and (c),
respectively. We observe a clear improvement in terms of harmonic distortion comparing the
electrical spectra after (Fig. 9(b)) and before (Fig. 9(a)) the application of the post-distortion
method. The improvement is mostly attributed to the reduction of Harmonic Distortion 2 (HD2)
at 2 GHz. The linearity of the photonic sampling mixer is assessed using THD as performance
metric. For the results presented in the following, the THD is defined for the cases of f4 equal to
0.25 GHz, 0.5 GHz and 1 GHz as the sum of harmonic distortion frequency components of order
2 to 4 (HD2-4) divided by the fundamental target frequency component. However, for the case of
f4 equal to 2 GHz the THD is defined as the HD2, which is the most significant distortion product,
divided by the fundamental target frequency component. This discrepancy is due to the sampling
frequency fc, which is 10 GHz, meaning that as we consider exclusively the pulses’ peaks and for
a Nyquist sampling rate equal to 10 GHz, the highest frequency provided by FFT is 5 GHz.

o
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Fig. 9. Electrical spectrum of Pj(a), P4(b) and P4 (c) calculated with Fast Fourier Transform
(FFT) for f4 = 1 GHz and M1 = 60%.

5.1. THD results as a function of the modulation index of the signal to be sampled

Figure 10(a) shows a comparison between the THD of the signal after the application of the
linearization method, denoted as ‘THD post-pr’ to distinguish it from that at the SOA-MZI direct
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output J, denoted as “THD PJ’, and to that of the signal to be sampled at the input of the SOA-MZI,
denoted as ‘THD modulator’, as a function of the modulation index MI of the signal to be
sampled. The carrier frequency fj is equal to 250 MHz. We observe that the THD improvement
achieved by the linearization technique is moderate for a MI equal to 20%, significant for a MI
equal to 40% and to 60%, and extremely high and equal to 23.9 dB for a MI equal to 80%.

THD modulator THD modulator
—=a— THD PJ —a—THDPJ
——a—— THD post-pr ——— THD post-pr

THD improvement THD improvement

-10 30 -10 b T 15
= (b) g
o -15 T 10 =
- 3 _ 0> 3
a -9: o T /1 =
Iz 6 T )
o 5 o ts &
E 3 = ! T ‘ 3
L :
- -25 l 0o =
& ‘ &
=z <) \ =

-30 I 5

20% 40% 60% 80% 20% 40% 60% 80%
Modulation Index Modulation Index

Fig. 10. Comparison between THD of linearized and SOA-MZI’s direct output as a function
of the modulation index MI of the signal to be sampled. (a) f4 =250 MHz. (b). f4 =1 GHz.

Figure 10(b) shows the same comparison as in Fig. 10(a) but for f4 equal to 1 GHz. In this
figure, we notice that the maximum THD improvement provided by the method is significant and
equal to 9.1 dB for MI equal to 60%. It should be noted that the error bars in the THD lines
correspond to the variation in the THD values that could be caused by small random fluctuations
of the order of 5% in the P;, P4 and P4 time domain results. This error is equivalent to +1.5
dB for the THD post-pr, THD PJ and THD modulator lines and equivalent to +3 dB for the
THD improvement line. Moreover, it is worth noting that from a theoretical point of view the
THD results at the complementary output I are expected to be similar to that at direct output J.
Therefore, we have made the choice to compare the linearized results to the results at port J.

In order to establish the potential of the method, an estimation of the THD can be made, based
on the quasi-static results in Fig. 3 and in Fig. 4(b). P; and P, responses are curve-fitted through
interpolation to a 12" order polynomial. The THD is estimated assuming an ideal sinusoidal
signal at port A with an average optical power equal to —9 dBm. A FFT is applied on the time
domain estimations of the two signals in order to produce their electrical spectra and subsequently
calculate their THD and the THD improvement provided by the technique, as shown in Fig. 11.
It should be noted that the THD estimation of the quasi-static regime does not take into account
the dynamic phenomena that take place into the SOA-MZI, and this estimation is valid only for
low frequencies, while it is compromised at high frequencies. Also, it should be emphasized that
the quasi-static regime results are based on measurements using an optical power meter, whereas
the dynamic regime results are based on measurements using a wide bandwidth oscilloscope.

We observe in Fig. 11 that the THD improvement is almost constant around 20 dB from M1
equal to 20% to MI equal to 60%, and also we notice that a peak of 23.8 dB is observed for MI
equal to 76%.

Comparing the THD response for f4 equal to 250 MHz in Fig. 10(a) with the THD quasi-static
response in Fig. 11, there is a matching between the THD post-pr, THD Py and THD improvement
values for M1 equal to 80% when we take into account the 5% error bars’ lower limit. However,
for MI equal to 20%, 40% and 60% the THD post-pr, THD P; and THD improvement values in
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Fig. 11. Comparison between estimated THD of linearized and SOA-MZI’s direct output J
as a function of the modulation index MI of the signal to be sampled. The THD estimation
is based on the quasi-static results.

Fig. 11 compared to those in Fig. 10(a) are significantly different even if we take into account
the error bars. A possible explanation for this difference is that as the signal to be sampled
modulation index M1 decreases from 80%, the RMS error of the oscilloscope becomes more
significant compared to the variation of P;, P; and P4 signals, thus inducing an additional error
in the linearization process.

5.2. THD results as a function of the frequency of the signal to be sampled

Figure 12(a), (b) and (c) show the THD of the signal after the application of the linearization
method, in comparison to that at the SOA-MZI direct output J and the THD of the signal to be
sampled, as a function of the frequency f4 of the signal to be sampled, for different modulation
indices 40%, 60% and 80%, respectively. As a general rule, the effectiveness of the method
decreases as the frequency increases due to the fact that the model’s equations presented in
Section 2 are based on the assumption that % = 0. In other words, the linearization equations
are best adapted for a static or a quasi-static regime, whereas in a dynamic regime there is a
growing error as the frequency increases. However, this error is not prohibiting for the application
of the linearization equations on dynamic signals and, as a matter of fact, a significant THD
improvement of at least 5.5 dB, taking into account the error bars’ lower limit, is observed for
fa =250 MHz and for f4 = 500 MHz with MI = 40%, 60% and 80%, as well as for f4 = 1 GHz with
MI =60%. In all other cases, the benefit of using the linearization technique is always tangible
but not so pronounced.
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Fig. 12. Comparison between THD of linearized and SOA-MZI’s direct output as a function
of the frequency fy4 of the signal to be sampled. (a) MI =40%. (b) MI =60%. (c) MI =80%.

6. Conclusion

In conclusion, we have presented, for the first time to our knowledge, a post-distortion lin-
earization method and demonstrated through theory and experiment its feasibility, potential
and effectiveness for a SOA-MZI photonic sampler. Through application of the method to a
quasi-static measurement, the estimated potential THD improvement was found to be higher
than 19.6 dB for sinusoidal signals with MI between 20% and 80%. This high potential THD
improvement is verified through sampling and application of the method to a sinusoidal signal
at 250 MHz with MI equal to 80%. The linearization model is based on the static regime SOA
equations, and thus it has the advantage of lower complexity compared to a model based on
dynamic SOA equations. This approach, however, is limited by the fact that the effectiveness
of the method decreases as the frequency of the signal to be sampled increases. Nevertheless,
a significant THD improvement is observed for sinusoidal signals to be sampled, at 250 MHz
and 500 MHz for MI equal to 40%), 60% and 80%, and at 1 GHz for MI equal to 60%, while a
tangible THD improvement is observed for the rest of frequency and MI combinations.

The quality of the sampling process depends on the signal to be sampled at the SOA-MZI input
A, which acts as a reference signal and sets a hard limit on the maximum achievable performance
by the SOA-MZI photonic sampler as well as on the efficiency of the post-distortion techique.
Furthermore, adapting the SOAs design for specific use in an SOA-MZI photonic sampler so as to
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ensure stronger dependence of the SOA carrier density on the input power and higher saturation
power for a wider range of acceptable input powers could also lead to performance improvements.
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