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Two Calculation Sections

and Experimental Validation of Up-Converted
Coherent Population Oscillations in Semiconductor
Optical Amplifiers

Noor Hamdash, Ammar Sharaiha”, Thierry Rampone

Abstract—This paper presents theoretical and experimental
analysis of up-converted coherent population oscillations (Up-
CPO) in semiconductor optical amplifiers (SOAs) for tunable
optical phase shift applications at high frequencies. The study
of Up-CPO frequency response is carried out by a small-signal
analysis of a SOA modeled by two calculation sections in order to
better take into account the nonlinear effects such as the SOA gain
saturation. We demonstrate that we can fully determine the dy-
namic parameters of Up-CPO from the experimental frequency re-
sponse of an optical probe signal obtained by cross-gain modulation
mechanism. The Up-CPO frequency responses are measured for
three SOAs with different cut-off frequencies up to 18.45 GHz. We
finally validate experimentally the obtained analytical frequency
responses for the three SOAs over different operating points, each
characterized by the corresponding optical gain.

Index Terms—Semiconductor optical amplifier (SOA), slow/fast
light (SFL), small-signal modeling, up-converted CPO (Up-CPO),
microwave phase shifter, microwave photonics (MWP), cross-gain
modulation (XGM).

1. INTRODUCTION

ICROWAVE photonics (MWP), which combines ra-

diofrequency and optoelectronics domains, has attracted
a great deal of interest over the past years. The generation and
processing of microwave and mm-wave signals by optical means
allow to exploit the advantages of photonics, such as low loss,
high bandwidth and immunity to electromagnetic interferences
[1]. MWP is a key technology to enable the realization of
frequency conversion, reconfigurable filtering, phase shifting
and true time delaying functions [1]-[3].
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The generation of tunable optical phase shifts and delay lines
which must be continuously tunable for some applications, such
as phased-array antenna (PAA) [1], is a key functionality in
MWP [2]. One of the most promising methods to control the
speed of light [4]-[6] is based on coherent population oscilla-
tions (CPO) in semiconductor optical amplifiers (SOA). It pro-
vides a continuously tunable microwave photonic phase shifter,
which is the fundamental part used in PAA to perform photonic
true time delay (TTD) in beamforming antennas [7]. True time
delays are needed to obtain wide instantaneous bandwidth and
beam squint-free operation of the PAA [3]. Tunable microwave
photonic phase shifter can be implemented by properly profiting
from self-gain modulation (SGM) and cross-gain modulation
(XGM) in semiconductor waveguides [8]-[9].

SOAs have been used as a freestanding device for MWP
phase shifters and several works have covered tunable phase
shifting based on CPO effects in SOA [5]-[15]. However, CPO
techniques limit the operating frequency applications to few
hundreds of GHz due to the SOA carrier lifetime [7] [11], when
used for the generation of a time delay. Nevertheless, it has
been demonstrated that the integrated phase shift or time delay
generator based on frequency up-converted CPO ina SOA, noted
by Up-CPO, eliminates the issue of the intrinsic limitation of
the carrier lifetime, leading to the generation of a phase shift
or a time delay on signals up to THz [11]. The data-signal
has a low bandwidth modulated onto the carrier-wave below
a few GHz, due to XGM mechanisms. However, the Up-CPO
enables the extension of the operating frequency of a tunable
phase shift/delay line based on CPO effects in SOA from a
few GHz up to THz. This is suitable for applications where
the instantaneous bandwidth is limited to a few GHz, such as
some radar applications.

The aim in this paper is to analyze, thanks to a small-signal
modeling, the frequency response of Up-CPO and to validate
experimentally the Up-CPO modeling by using three different
types of SOAs considered as linear or nonlinear ones. For that
purpose, we first describe the principle of Up-CPO in Section II,
then we derive in Section III a small-signal analysis of the
Up-CPO frequency response. In order to consider nonlinear
effects in SOAs such as gain saturation, we subdivide the total
SOA cavity length into two sections. The Up-CPO frequency
response is then studied through the dynamic carrier lifetime
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Fig. 1. Principle of Up-CPO. OF: Optical filter, Pd: Photodiode.

as a function of the injected optical powers. In Section IV, a
comparison between theoretical data and experimental results
on the amplitude and phase shift of the microwave signal is
presented. The comparison concerns both a pump-probe and
an Up-CPO implementation for three different types of SOAs,
which is done for the first time, to the best of our knowledge.
Conclusions are given in Section V.

II. PRINCIPLE OF UP-CONVERTED CPO

Fig. 1 shows a schematic highlighting the fundamental con-
cept of Up-CPO which combine CPO and XGM [11]. That is
achieved by injecting two optical intensity-modulated signals
into the SOA. A first optical signal P}, (carrier signal) at the
wavelength A . is modulated at a high frequency (f.), with f, as-
sumed to be larger than the inverse of the dynamic carrier density
lifetime 74 (i.e., fo >> 1/(2774)). Thus, the carrier density in
the active region and the SOA optical gain are not affected by
the modulation part of this signal at the high frequency f..

The second optical signal P{, (data signal) at the wavelength
Aq 1s modulated at a low frequency (fy) with fy << 1/(2774).
Therefore, the carrier density oscillating at f; leads to a dynamic
variation of the optical gain. Thus, through XGM, the signal
P¢, is modulated by P2, giving rise to signals at high frequen-
cies f. = f4. In other words, the data signal at low frequency
fa 1s up-converted around the high frequency of the carrier, at
fe £ fa. After photodetection, the RF output signal provides
information on the phase shift that can be tuned through the
operating condition of the SOA [7], [11].

III. SMALL-SIGNAL ANALYSIS OF UP-CONVERTED CPO

The model used for small-signal analysis is based on a carrier
density rate equation and a set of travelling-wave equations
describing the amplified signal fields [4], [7], [11], [16]-[17].
We develop first in Section III-A the Up-CPO optical power
response as a function of the SOA carrier density variation.
In Section III-B, we show that the frequency responses of the
carrier density can be extracted from the experimental results
obtained in a pump-probe configuration in order to access to
the Up-CPO frequency responses. The calculation is performed
by dividing the SOA into 2 sections to better consider the SOA
gain saturation. In Section III-C of this paragraph, we study the
evolution of the dynamic carrier lifetimes as a function of the
injected powers and finally in Section III-D we give the complete
Up-CPO optical power response.

A. Up-CPO Optical Power Response as a Function of the SOA
Mean Carrier Density

The optical power of data signal P2 (t) and carrier signal
P¢ (t) at the SOA input can be given by:

pzn jwmt % —Jwgt

5 + 5 € (1)
where the index x refers to carrier ‘c’ or data ‘d’ signal at the
wavelength A,.PZ is the average optical input power at A,
pi, is the modulation part at the angular frequency w, of the
optical signal at the wavelength A, and “*’ stands for the complex
conjugate value. By using a first-order Taylor expansion the
input electrical field E7, (t) corresponding to P2 (¢) can be
written [18], considering its unit expressed in square root of

Watt:

P (1) =

m

Pa:

B0 = /P, () & T
pfn wat p:ﬁ —Jwgt
X1+ ej*—&-ejL) 2
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where E* = /PZ? ¢/t and Q, the angular frequency of

the optical field at A,,. We assume that the optical gains at A and
Aq are identical, noted GG. At the SOA output, the optical field at
the Up-CPO wavelength A. , can be obtained from:

E(fut ( ) Ezcn ( )

where Ay is the difference of phase due to the propagation along
the SOA.

The oscillation of the carrier density along the SOA length,
inside the SOA active zone, is induced by the two input signals
P¢,(t) and P2 (t) at the angular frequencies w, and wy respec-
tlvely By cons1dering a first-order approximation, the beating
terms atw.+q = w. £ wq can be neglected. By dividing the SOA
in M calculation sections along its length, we can define a mean
carrier density N, whichis the mean value of the carrier densities
in the M sections, with N, = >~ Jz\vff where NN; is the carrier

G (t)e?2¢ (3)

7
density in section 7. So, the expression of the mean carrier density
N, (t) can be written as:

*
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where N, represents the static operating point and 7., is the
complex amplitude of the mean carrier density modulation at w,,.
Due to the cross-gain modulation (XGM), the SOA gain G(t)
at A, is modulated at the same pulsations as the carrier density
around the static operating point G. \/G/(t) can be written, by
using a first-order Taylor expansion, as:

. n: .
/G 1/ <1+ BN (neg-’d e]wdt+ eéwd 67]wdt

*
. n .
+n€,2‘dc ejwct+ 62,4'% ejwct>)

Therefore, at X ., the complex amplitude terms of the Up-CPO
signal output power at the pulsations w44 and w._4 can be
obtained by the quadratic detection of the terms calculated from
(2), (3) and (5) as:

(&)

c _ P, 0GB 0G
pout,wCer - 4 €,wd aN an €,we 8N
Pin oG
- 4 Ne,wy GW (1 + Ec+d (Wc)) (6)
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_ DPin . OG
= Mewagy (1 €e-a(we)) (7)
with e.4.4 (we) = H Ne w, gN ande. g (W) = ? Mg o, gf,

These two terms must be taken into account if f, is close or below
the cutoff frequency of n.(w). Usually, f. is set significantly
higher than the cutoff frequency of n.(w), thus the response in
phase and amplitude of n. . is negligible. It appears through
(6) and (7) that the frequency response in amplitude and phase
of the Up-CPO signals at w.44 and w._4 depends only on the
frequency response of the mean carrier density oscillation due to
the data signal through n. ., and n; , respectively. Therefore,
the Up-CPO frequency response in this case can be simplified
as:

% oG

p(;ut,cuc+d Ne wy 87N (8)
pm oG
pout,wc d e wd 8N (9)

B. Small-Signal Frequency Response of the Carrier Density

Due to XGM in presence of the two input signals P¢,(¢) and
P (t), as shown in (6) and (7), the Up-CPO frequency responses
at w4 are essentially related to the frequency response of the
carrier density of the data signal, n. ., . To access experimentally
to the frequency response of n.,, due to XGM, without the
oscillation of Pg,(t), a pump-probe setup is used. In this case,
P (t) is set as a continuous-wave signal and used as a probe

noted P, and P (t) is considered as the pump, a time varying
signal noted Pli“( ).

Generally, in small-signal analysis, the SOA is modeled by
only one calculation section [4], [5], [10]-[14]. In order to better
take into account the nonlinear effect due to the gain saturation,

the model must include an extra number of sections, but causing
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the analytical expression of . () to become much more complex.
As we increase the number of sections, so does the complexity
of the equation; thus, we divide the total SOA length into only
two sections of equal lengths (L; = Lo = L/2). Each section is
biased by half of the total SOA bias current I (I; =1, =1/2)
(Fig. 2).

Therefore, in the pump-probe configuration, an intensity-
modulated optical power acting as a pump signal at Ap, is
injected in the first SOA section at the SOA input (Fig. 2), which
is expressed at the SOA input by:

* Pu
Pilrjfl (t) =Pl + p;" e Jwput 4 Pin_—jup,t
(10)
where P is the average optical input power at Ap,,, p},* is
the modulation part at the angular frequency wp,, of the optical
signal at wavelength Ap,, and ‘x’ stands for the complex con-
jugate value. A second signal, a continuous-wave power acting

as a probe signal P17 (t) = PE™ at Ap, is injected simultane-
ously at the SOA input (Fig. 2). The SOA carrier densities are
respectively noted /V; in section 7, with ¢ = 1 or 2. We assume
that the SOA gains at A p,, and X p,. are the same: for the section
i we have GP'v = GP" = G,.

The amplification of Pf;“l induces a modulation of the carrier

density and then of the SOA gain at the angular frequency wp,,.
N, and GG; can be written in section ¢ by:

Piiu (t> =

*

Ni,wpay Jwput ni#’-’Pu —jwput
Nl(t):Nl—‘rTe “ +T€ “ (11)
— nge,. 0G| o, 0G

G (1) = G + Mszen 0 oty Mo D o
12)

N; and G represent the static operating point in each section.
N wp, 1S the complex amplitude of the carrier density modula-
tion in section ¢ at wpy, n; ., is the complex conjugate of
T wpey -

The dynamics of CPO are governed by the carrier density rate
equation. The general form of the rate equation, in section 7, can

be written as [16]-[17] by:
dN; i
dt  qV

—Ryi — Rase,i — Rt (13)
where ¢ is the elementary charge, V is the optical ac-
tive zone volume of length L/2, width w and height d.
R,y Rasg,; and Ry ; are respectively the non-radiative, the
ASE and the stimulated recombination rates. The influence of
Ryri and RagE ; can be taken into account by N; /7. ;, where
Te,i 1s the effective carrier lifetime calculated from the carrier
lifetimes 7, due to Ry, and Tggeeq, due to Rysg ;, with
mo = e 9201

The recomblnatlon rate Iy ; due to the amplification of the
optical pump and probe signals at wavelengths Ap, and Ap,,,

can be given in both sections by the following equation [16]:

2 PJZZ()(G-—I)Jr
FaLTeﬂ‘ PPu

sat,i

P (Gi—1)

PPr

sat,i

Rst,i =
(14)
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Fig. 2.  Principle of SOA modeling by two calculation sections in presence of an intensity-modulated pump signal PZ.IZ “(t) at A p,, and a continuous-wave probe

signal Pl.}:f at Ap,..

wdWFPw . .
where Psf;?l = —.-7— is the material saturation power at A p,,
wdWFPr Y . .
. = oz is the material saturation power at A p,., W, "

and W[f) " are the photon energy at the signal wavelength Ap,,
and A p,, respectively. I is the optical confinement factor in the
active zone, a is the peak-gain coefficient.

The optical gain of the SOA as well as the partial derivative
of the gain with respect to the carrier density are given by:

G, (N;) = elaVimNo)Ls (15)
e
N, =Tal;G; (16)

with Ny the carrier density at transparency.
1) Carrier Density Modulation in the First Section: By in-
troducing (14) into (13), the rate equation for the first section is

dNi L N PR () (G- PR (G- 1)
dt - qV Te,1 FaLlTe 1Psat 1 FaLlTe 1Psat 1

(17)

The complex amplitude of the carrier density modulation
N1 ,wp, (18)1is given by small-signal modeling using (10)—(12),
and by applying the derivative of (17). We consider first order
modulation terms, and substitute (16) into the derivative of (17).

1 Gy —1 Pu
ny = - .
wp FCL Ll (1 _‘_Kf‘u) Pﬁ?l ]'+jWTd,1 p'm,l
(18)
where 741 = lfﬁ is the dynamic carrier lifetime in the first
1
. pPu
section and K{* = &t G
sat,1

2) Carrier Density Modulation in the Second Section: The
input powers of the second section depends on the output powers
of Section I, where PLY | (t) = PLY%(t) = PLY (t)G1(t) and

out,1 in,2 in,1
PEL () = PET,(t) = PIT Gy (t). So, for i = 2, the rate

in,l
equation for the second section is given as:

N2 Pan()(G2_1)

ANy _ I P ) (G2 — 1)

dt N qV FaLQTe 2Psat 2 FaLQTe 2Psat 2
(19)

The complex amplitude of the carrier density modulation
N2 wp, 10 the second section can be calculated as in (20) by
small-signal modeling using (10)-(12), and by applying the

derivative of (19). We consider first order modulation terms,

Te,2

and substitute (16) into the derivative of (19).

1 Gy—1
n2 w = - ;
2P T TaLy (14 K"+ KP") PRe, \1+ jwras
— 0G4 oG
X (pzljﬁlGl—"_ in, ln1 WpPu 8N +Pzn 1M,wpy aNi )
(20)
where 7,2 = HK;ﬁ is the dynamic carrier lifetime in

’"1GandG Gl G2

The probe and pump optical powers at the input of the sec-
ond section can be written respectively from (10) and (12) by
considering first-order terms as:

the second section, K" =

in,l 9 aNl

0G,
PPr PPr G PPT‘ Hpr “LWPu ]WPu
2n2() in,l 1+ in,l 2 aNl
TLT w 8G1 4
P Y WPy Jwpyt 21
+ in,l P aNl e ( )
Pu
n, 1~ | DHPu w oG j
PZI:LHQ( t) = PZI:LU1G1 + <p 5 ! G, + P Mwpy 1) glwrut

*Pu *
+ (pzn 1= G+ P Py Mwpu 3G1> e Jwput

zn 1 9 P) Nl
(22)
3) Probe Output Power: At the SOA output, the complex

amplitude of the probe signal at +wp,, can be given from (10)
and (12) by considering the first order terms as:

N1, wp, 3G1 n2,wp, 9G2

Por o, =P Ga 2P OT\G PTGy 2P N,
(23)

rooy {;W u aG r ns,w w a6;12

Pt p, =PI Gy TPaN +PL7y GlTPaT\TQ
(24)

Then, by using (16), we express szJDuTt,iwpu as a function of
the mean carrier density as:

pO’U.t,(.dpu
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equivalent to the mean2 value of the complex amphtude of the
carrier density.

Thereby, Eq. (25) and (26) show that a pump-probe setup can
provide access to the frequency response of the carrier density,
which will be used to analyze the Up-CPO frequency response
defined in (8) and (9). By substituting (18) and (20) into (25) and
(26) we obtain the expression of pZ'", Awpy Tewp, and ng

e,Wpqy ©

Knln2P G

wn,l

u Pu
2Psat 1Psat 2

1+ jWTd,u pP“
(1+ jwraq) (14 jwrge) ) 7m!
. Kn1n2
FGLP;Z?JPSZ%

Pr _
pout,iwpu -

27)

Ne,wpy =

(28)

" ( 1+ jwTg 12 >pP“
(1+ jwran) (1 + jwrgn) )
Kn1n2

B Pu Pu
FaLPsat 1Psat 2

€,Wpy

1-— jWTd,lz ) Pu (29)

X . . pin
((1—JWTd,1)(1—JwTd,2) !
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C. Evaluation of Dynamic Carrier Lifetime

As the frequency response of prt,iw ., 0 (27) depends on
the dynamic carrier lifetimes 74,12, 74,1 and 742, we analyze
in this paragraph their evolution as a function of the injected
powers PE" and PP v, The calculation of 74,12, 74,1 and 742 is
done after resolvmg the rate equations (17) and (19) by using 2
calculation sections for the SOA presented in [16]. We consider
two cases where the probe input power PL7 is set first at a low
power (—30 dBm) and then at a high power to saturate the SOA
(0 dBm). For each case, we vary the pump input power PP K
from —30 to 10 dBm. Fig. 3(a) and 3(c) depict the gain evolutlon
versus the pump input optical power for P2" = —30 dBm and
0 dBm, respectively. We deduce from these two figures Psat 1
and PLY,, where PLY, = W [21], with Poyti| -3 a5
the optlcal output power in section ¢ for the optical gain reduced
by —3 dB.

As seen in Fig. 3(b) and 3(d), 74,1 is always greater than 74 ».
When the optical gain in each section is nearly unsaturated,
corresponding to PP lower than —10 dBm and PL" set at
—30 dBm, Fig. 3(b) shows that 7412 ~ 74,1. In this case, (27)
tends to a first-order low-pass response. This indicates that
modeling the SOA by only one section is sufficient.
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TABLE I
STATIC CHARACTERISTICS OF THE THREE SOAS

SOA-L

Unsaturated gain (dB) 18.8

Pout|-3 ap (dBm) 12.6 (at 300 mA)

SOA-NL
30.8

SOA-XN
30.5

13.8 (at 300 mA) 14.5 (at 400 mA)

For higher Plfl“, (75 is more saturated than (', this in turn
leads to 74,12 < 74,1 as shown in Fig. 3(b). A deep saturation,

for the case where PL" is set at 0 dBm, leads to always have
Ta,i2 > 74,1 (Fig. 3(d)). Therefore, the frequency response of
(27) no longer corresponds to a first order low-pass response.

D. Full Up-CPO Frequency Response

As we explained in Section III-B, the carrier density dynamics
Newp, are obtained from the pump-probe configuration and
then used to determine the full frequency response of the Up-
CPO configuration. Thereby, the power of Up-CPO responses,
Dout,we.,» can be calculated by substituting the carrier density
expressions (28)—(29) into (6)—(7):

c _ pgn,l KnanG
Pout,wera = — 4 pd

T (w)pd, 1
sat,lpgat,Q .
X (1 —

in,l

KnanP'C G
— T (wc)> (30)

d
Psat,l sat,2

i _ 1+jwTd,12 _
with Ti(w) — (Fjera)(1+jwra )’ Ti(wc) =
1+jweTq,12 d - deﬁ . )
oGt Deati = Tar> is  the material
saturation power at Ag, Wg is the photon energy at the
; Pha A pd
signal wavelength A4. Here K f = P;’:ll G, KQd = Pl"'n;; ,
— Pr 4Pl
d d . 2
Kning = Pap K + KnaGi Py 1 (1 — Knl(%tlml)) ,
_ Gi-1 — _ Go-1 '
Ky = A+ED’ and K5 = e awreat

IV. CALCULATION AND MEASUREMENT OF FREQUENCY
RESPONSES FOR PUMP-PROBE AND UpP-CPO SETUPS

In this section, we first give the experimental results in a pump-
probe configuration in order to determine the value of 7412,
Ta,1 and 74 2 in (27) to (29). These parameters are then used in
(30) to calculate and discuss the frequency response of signals
generated by Up-CPO. Finally, we compare the calculation and
the experimental results.

Three different SOAs have been measured: SOA-L, a device
from InPhenix (IPSAD1502), SOA-NL and SOA-XN, from CIP
Photonics. They are identified respectively as linear, nonlinear
and extra nonlinear SOAs. The Table I represents the static char-
acteristics of SOAs measured at the maximum biasing current
and at —25 dBm input optical power.

TABLE I
CUTOFF FREQUENCY OF SOA-L (GHz)

0dB 5dB 10dB

f12 0.81 1.46 2.17
f1 0.5 1.03 1.82
f2 1.62 2.7 533
f3ag  0.76 1.63 3.95

A. Pump-Probe Characterization

For the experimental pump-probe setup, an intensity-
modulated optical pump of 5 dBm at Ap, = 1545 nm and a
continuous wave (CW) optical probe of —5 dBm at A p,, = 1550
nm are simultaneously injected into the SOA. An optical filter
is used at the SOA output to measure the signal converted at A p,-
through XGM. After photodetection, we measure the RF signal
prt, wp, DY a vector network analyzer (VNA). As each SOA
device is different, the measurements are made with respect to
the static optical gains 0 dB, 5 dB and 10 dB, in presence of
the input pump power of 5 dBm and the input probe power of
—5 dBm, to make comparisons possible.

Fig. 4(a), 4(b) and 4(c) show, in dotted line, the calculated data
of the normalized frequency low-pass response of the measured
RF power pOPJtyw »,, for the three SOAs. The experimental results,
in solid line, show that for the SOAs NL and XN the RF power
presents a large bandwidth, measured at —3 dB, which can reach
18.45 GHz, while for SOA-L a bandwidth limited to 3.95 GHz
is obtained for gain 10 dB. We also notice that non-flat responses
are obtained for SOAs NL and XN.

In order to determine the value of 7412, 741 and 742 in
(27) to (29) we fit the experimental results of the pump-probe
configuration by the normalized form of the measured RF power
pqutw ., for SOA-L, SOA-NL and SOA-XN. The normalized
function is obtained from (27) as:

T Leme o 1tig
14 jwTt, 1+ jwT, - f  f
(1+jwra1) (14 jwra,2) (1+]f1)<1+jf2>
(3D
where f; is the cutoff frequency for each 1+ j% term with

fi= ﬁ and t = 12, 1 and 2. The obtained value of fy 12,
fa.1 and fq o for the three SOAs are shown in Table II, Table I1I
and Table IV, respectively.

The calculated data of the normalized RF power from

pfurtywpu show a good agreement with the measured ones
(Fig. 4) for the three different SOAs. These show that the SOA
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Fig. 4. Normalized RF power for: SOA-L (a), SOA-NL (b) and SOA-XN (a). Calculated data are in dotted line and measured ones are in solid line.
TABLE III The resulting pg,,; ., ., can be rewritten as follows:
CUTOFF FREQUENCY OF SOA-NL (GHz) e
A
c =——pt T 1-AT 33
0dB 5dB 10dB Pout,werq 4mpzn,1 + (f) ( + (fc)) (33)
Knino P2 | = . . .
fiz 06 126 2.5 where A = ﬁ G is a constant for an operating point
fi 064 15 2.8 P . N
and m = =2 is the modulation index of the optical input
1.91 4 12 . in,1 . .
i signal at .. We vary f in a range of 5 GHz around f. with
faag 214 523 14.65 f=f +fs
The power, in dBm, and the phase of pg; , ., foranoperating
TABLE IV ;

CUTOFF FREQUENCY OF SOA-XN (GHz)

0dB 5dB  10dB
f12 0.6 13 3.37
f1 0.8 1.8 4.43
f2 145 39 12

faag 224 597 1845

modeling by dividing its length into two sections allows us
to reproduce their high-order frequency responses with a good
accuracy. Moreover, the fitting results show that a flat frequency
response in the bandwidth at —3 dB is obtained when f12 > f1,
corresponding to 74,12 < 74,1. Otherwise, a slight overshoot
appears as for SOAs NL and XN at gains 5 dB and 10 dB,
that corresponds to 74,12 > 74,1, where (27) no longer has a
first-order low-pass response (as stated in Section III-C).

4.2 Calculation of Absolute Frequency Response for Up-CPO
Setup

For practical reasons, in experimental measurements, we only
have an easy access to relative responses, i.e., the difference
between two measurements, rather than the absolute ones. The
absolute amplitude and phase responses of Up-CPO signals can
be calculated by substituting the normalized function (31) of the
calculated f; in Tables II, Il and IV into (30). pg,; .., can be
written as:

c o pzqn,l KnanG
Pout,weea = — 4 pd pd

sat,1* sat,2
X (1 —

T, (f)p;jnJ)

Knan-PileG
d d
Psat,lpsat,Q

Ty (fc)> (32)

of gain GG of the SOA can be written form (33) as:
Poutiweu| (ABm) = Bg + 10log |Tx (f)|

arg (pgut,wcid) |G =7+ CG +arg (Ti (f)) +arg (p?n,l)

(34)

—arg (pfn,l) (35)
where B and C'g are constant terms with:
A pzdn,l
BG=10109@107,3I1—ATi (fe)l (36)
Coa=arg(1—ATy(f.)) (37)

The Up-CPO technique operates as a frequency up-conversion
function where the responses of the pump-probe configuration
are shifted around f.. The phase response (35) is governed
directly by arg(T+(f)) which presents a maximum variation
range of 180°. For a given frequency interval, the phase shift
variation range depends on the dynamic carrier lifetimes 74,12,
Ta,1 and 74 2. Equations (28) and (29) show that the phase shift
can be adjusted by the injected optical power and/or the bias
current.

In Fig. 5, we normalized the power and the phase of pg,,; ., .,
to be null at f = f.. The calculation is done in a bandwidth
range of 5 GHz around f..

As we have seen in Sections III-C and IV-A, SOA-L has a
first-order low pass response (Fig. 4(a)) shown in Fig. 5(a), 5(c),
and 5(e). The phase variation is almost linear over a 1 GHz
frequency range. However, for nonlinear SOAs with a large
XGM bandwidth, a nonlinear phase response appears as for
SOAsNL and XN at gains 5 dB and 10 dB (see Fig. 5(a), 5(c), and
5(e)). This corresponds to 74,12 > 74,1 (Fig.3 (d)), where (27)
has no longer a first-order low-pass response (Fig. 4(b-c)). We
can see that the obtained phase responses present non linearities
that limit the phase variation bandwidth. This limitation could
be addressed by adding a predistortion block to the system.
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Fig. 6.

Experimental setup for Up-CPO measurements induced by slow and fast light effects and XGM in a SOA. PC1 and PC2: Polarization Controller, Pd:

Photodetector, EDFA: Erbium-doped fiber amplifier, LPF: RF low-pass filter, SPL: RF Splitter.

For an optical gain equal to 0 dB, all the three SOAs present
a high phase shift and a high power variation (Fig. 5(a), 5(b))
due to their limited bandwidth, less than 2.24 GHz (Tables II
to IV). By increasing the SOA gain to 5 dB and 10 dB, SOA-L
always shows larger phase shifts and power variations than the
ones of SOA-NL and XN (Fig. 5(c), 5(d), 5(e) and 5(f)) due to
their higher cutoff frequencies (Tables III to V).

In addition, we note that the overshoot existing for both SOA-
NL and XN at gains 5 dB and 10 dB in Fig. 4 also appears for
the normalized absolute amplitude responses in Fig. 5(b), 5(d)
and 5(f), due to f; > fo1 as seen in Section IV-A.

C. Validation of Small-Signal Calculations By Measurement
of Frequency Responses for Up-CPO Setup

The experimental setup is illustrated in Fig. 6. A first optical
signal emitted at A, = 1550 nm is intensity-modulated at a high
radiofrequency f. = 15 GHz via the Mach-Zehnder modulator
MZM1. A second optical signal emitted at A; = 1545 nm is
intensity-modulated via the Mach-Zehnder modulator MZM?2 at
alow RF frequency f,; varying from 0.1 to 5 GHz. Itis generated,
by using an RF mixer, as the difference between f. and fy 4,
a signal varying from 10 to 20 GHz, generated by the VNA.
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Measured and calculated results for a gain of 5 dB with a reference gain of 10 dB: (a) relative RF amplitude for SOA-L, SOA-NL and SOA-XN, (b)

relative phase shift for SOA-L, SOA-NL and SOA-XN. Measured and calculated results for a gain of 0 dB with a reference gain of 10 dB: (c) relative RF amplitude
for SOA-L, SOA-NL and SOA-XN, (d) relative phase shift for SOA-L, SOA-NL and SOA-XN. Calculated data are in dotted line, and measured data are in solid

line.

The laser wavelengths are close to the one for which the gain
of SOAs is maximum. An EDFA amplifies the modulated input
data signal P2 . At the SOA output, an optical filter OF with an
optical bandwidth of about 0.4 nm is set at A .. The optical mean

powers K and P are adjusted by the optical attenuators Attl
and Att2, respectively at —5 and 5 dBm. After the photodiode
Pd, the magnitude and the phase shift of the RF signal P, .,
are measured by a VNA at different static optical gains for each
SOA device.

The measurements of amplitude and phase shift are evaluated
relatively to a reference that is the frequency response at the gain
of 10 dB. The operating frequency is fixed at f. = 15 GHz. It
could be largely higher, but it was fixed at this value due to our
experimental setup limitations. It should be noted that the used
frequency f. = 15 GHz for the SOA-NL and SOA-XN, is below
their cutoff frequency for gain 10 dB (Tables III and IV).

The experimental results of the relative phase shift and the
normalized relative amplitude of the Up-CPO signal are shown
in Fig. 7 for gains 0 dB and 5 dB. We can see that the measured
phase shift presents an offset at 15 GHz for both SOA-NL and
SOA-XN. This is due to the large bandwidth of the reference

response at gain 10 dB, where f34,5 = 18.45 GHz for SOA-XN
and 14.65 GHz for SOA-NL (see Tables III and IV), which is
close to or higher than f.. For the gain 5 dB, the cutoff frequency
for SOA-XN (5.97 GHz) and for SOA-NL (5.23 GHz) are not
significantly lower than f.. Thus, the frequency response of Up-
CPO at w4 depends on both n, ,, and n. ., as described in
Section III-A.

The calculation of the relative amplitude and relative phase
responses of Up-CPO are performed by using (34) and (35) and
are then normalized at the frequency f.. Fig. 7 shows a good
agreement over all the 10 GHz measurement range around f. for
SOA-L between the theoretical (in dotted line) and experimental
results (solid lines) for gains 0 dB (Fig.7.a-b) and 5 dB (Fig.7.c-
d) of the relative amplitude and relative phase shift where the
SOA bandwidth is always lower than f..

For SOA-NL and SOA-XN, frequency responses for the refer-
ence chosen at the gain 10 dB present a cutoff frequency close to
(for SOA-NL) or slightly above (for SOA-XN) f.. Although that
the approximations concerning the beating terms inside the SOA
(that were discussed in Section III-B) are relatively rough in this
case, the relative Up-CPO responses respectively for gains 0 and
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5 dB show a good agreement over all the 10 GHz measurement
range around f. except for the responses of SOA-XN for gain
5 dB (Fig. 7.a-b) where a difference appears between theoretical
and experimental results.

V. CONCLUSION

We have presented, for three different SOAs, which band-
widths range from 0.76 to 18.45 GHz, theoretical and experi-
mental analysis of an Up-CPO. A tunable phase shift has been
obtained with more than 1 GHz of instantaneous bandwidth at
an operating frequency of 15 GHz, with a maximum phase shift
of 90° (for SOA-XN). We demonstrated that modeling SOAs by
two sections is sufficient, both for linear and nonlinear SOAs,
with a good agreement between theoretical and experimental
results.
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