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Abstract

An optical vector analysis (OVA) based on serrodyne modulation is proposed and numeri-
cally verified by simulations. In the proposed OVA, serrodyne modulation is implemented
using a dual-parallel dual-drive Mach—-Zehnder modulator to generate asymmetric op-
tical double-sideband (ODSB) signals including a frequency-shifted optical carrier. The
generated signals subsequently propagate through the optical device under test (ODUT).
Owing to the asymmetric ODSB structure, the proposed OVA is inherently immune to
errors induced by the nonlinearity of the electro-optic modulator (EOM). Consequently,
the responses of the ODUT can be accurately obtained by processing the frequency-shifted
photocurrent, which is converted from the frequency-shifted carrier and the two desired
sidebands. Furthermore, the proposed approach overcomes the limitation of conventional
optical single-sideband-based OVA in characterizing bandpass responses. Through numer-
ical simulations, the frequency responses of a uniform fiber Bragg grating, a Fabry—Perot
cavity, and a bandpass filter are obtained within a bandwidth of 20 GHz. The proposed OVA
provides an approach for characterization of optical devices and integrated microwave
photonics systems.

Keywords: frequency response; optical vector analysis; serrodyne modulation; microwave
photonics

1. Introduction

With the rapid advancements in optoelectronic information integration technology,
optical devices are extensively employed in the field of quantum information processing,
on-chip photonic integrated circuits, optical microcavities and numerous other applica-
tions [1-3]. Additionally, optical devices such as Fabry-Perot (FP) cavities play a crucial
role in mechanical resonators, optical sensors, optical filters and related photonic appli-
cations [4-9]. Therefore, accurate measurement of key parameters, including magnitude
response, phase response, and other critical characteristics, is important for the design
of optical devices and optoelectronic systems [10,11]. Over the past few decades, optical
vector analysis (OVA) based on the phase-shift modulation method or optical interfer-
ometry method has been successfully implemented [12,13]. However, due to the limited
wavelength accuracy and poor stability of tunable laser sources (TLS), achieving high
accuracy and high resolution is challenging [14].

In recent years, microwave photonics (MWP)-based OVA technology has been pro-
posed and demonstrated. To date, optical single-sideband (OSSB) and ODSB modulation
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techniques remain the two most widely used approaches for implementing the MWP-based
OVAs [15-32]. Owing to the point-to-point frequency mapping between the optical and
microwave domains, these techniques can theoretically achieve ultra-high resolution at
the sub-hertz level. By using ultranarrow linewidth lasers, previous studies have experi-
mentally demonstrated a resolution of 334 Hz. Additionally, benefiting from the electrical
ultrafine frequency scanning and accurate magnitude-phase detection, the measurement ac-
curacy has been significantly improved [33]. Nevertheless, a large modulation index should
be adopted for the electro-optic modulator (EOM) so as to enhance the signal-to-noise
ratio and dynamic range. Unfortunately, owing to the nonlinearity of the EOM, unwanted
high-order sidebands introduce considerable errors through their beat notes [15,16]. To
alleviate this problem, several OSSB-based OVA techniques employing fixed low-frequency
detection [17] and polarization control [18] have been theoretically analyzed and experi-
mentally demonstrated, enabling high measurement accuracy even at large modulation
indices. However, due to the limited bandwidth of optoelectronic devices and the increased
complexity of the system, achieving a wide measurement range and high accuracy in
OSSB-based OVA remains challenging [19]. Besides, accurately characterizing the bandpass
responses of the ODUT is difficult in OSSB-based OVA because the optical carrier is signifi-
cantly suppressed when it falls within the stopband of the ODUT [21,22]. To overcome these
limitations, asymmetric ODSB-based OVA techniques utilizing an acousto-optic modulator
(AOM) have been experimentally demonstrated [23-25]. Nevertheless, the AOMs increase
both system complexity and cost while also reducing the stability and measurement accu-
racy. Alternative approaches based on stimulated Brillouin scattering (SBS) have also been
proposed to improve measurement accuracy and dynamic range [29,30]. However, because
the Brillouin frequency shift depends on the optical wavelength and the SBS gain becomes
relatively weak at high frequencies, the achievable measurement accuracy remains limited.

In this work, the OVA based on serrodyne modulation for the characterization of
arbitrary optical responses in an ideal situation is proposed. By employing serrodyne
modulation and carrier-suppressed ODSB (CS-ODSB) modulation, asymmetric ODSB sig-
nals consisting of a frequency-shifted optical carrier and the desired £1st-order sidebands
are generated and subsequently transmitted through the ODUT. The optical signals are
converted into a frequency-shifted photocurrent in the photodetector (PD), from which the
responses of the ODUT carried by the asymmetric ODSB signals can be extracted. Thanks
to the asymmetric ODSB architecture, the errors originating from EOM nonlinearity at arbi-
trary modulation indices can be suppressed. This is attributed to the fact that beat signals
produced by high-order sidebands differ from those generated by the frequency-shifted car-
rier and the two useful sidebands. Additionally, the working range is improved compared
with the conventional OSSB-based OVA. In the simulation, the responses of a uniform
FBG, an FP cavity and a bandpass filter are obtained with a resolution of 1 MHz over a
frequency range of 20 GHz, so that the capability of characterizing arbitrary responses can
be verified. The spurious frequency-shifted optical sidebands originated by the fall time of
the sawtooth wave affect the accuracy, with errors increasing as the fall time increases. The
proposed OVA provides an approach for optical devices and advances other innovations of
integrated microwave photonics systems [34,35].

2. Theoretical Analysis
2.1. Principle of OVA Based on Serrodyne Modulation

Figure 1 shows a schematic of the proposed OVA employing serrodyne modulation.
The optical carrier, expressed as Eqexp(jw,t), generated by the tunable laser source (TLS), is

fed into the DP-DDMZM and split into two branches with equal power. The DP-DDMZM
consists of two parallel-connected sub-DDMZMs (DDMZM-A and DDMZM-B), each
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equipped with two independent RF and DC ports. Here, V; denotes the half-wave voltage,
and Vpc represents the bias voltage of the DP-DDMZM. In the upper branch of the DP-
DDMZM, the optical signal is modulated by an RF swept signal. The DC bias voltage of
the DDMZM-A is adjusted to the minimum transmission point (MITP), i.e., Vpc—4 =V,
thereby generating a CS-ODSB signal in the upper branch. The output of DDMZM-A,
illustrated in Figure 1a, can be expressed as [36,37]:

Eppmzm-a(t) = 2\1—5\/% Eg exp(jewet)
+oo
(1+ ’y)nzz_ooj - Jan—1(m) exp[j - (2n — 1) - wrrt] (1)

“+o0
+(1— ’Y)nzz_ooj * Jan(m) exp(j - 21 - wrrt)

where t4 is the insertion loss of the DDMZM, y = (€72 — 1)/(¢'/2 + 1), ¢ is the DDMZM
extinction ratio, m = 71 - Vgg/Vy is the modulation index, [>, _1(-) and Jo,(-) are the (2n — 1)
th-order and the 2n th-order Bessel functions of the first kind, respectively, and wgr is the
angular frequency of the RF signal. In the ideal limit of € approaches infinity, v approaches
1, only carrier-suppressed odd-order sidebands are produced.
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Figure 1. Schematic of the proposed OVA. TLS: tunable laser source; DP-DDMZM: dual-parallel dual-
drive Mach-Zehnder modulator; RF signal source: radio-frequency signal source; AWG: arbitrary
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(a)

waveform generator; DUT: device under test; PD: photodetector; PMD: phase-magnitude detector.
(a,b) Schematics of the optical spectra at different locations; (c) Scheme of the sawtooth wave.

In the lower branch, the DC voltage of the DDMZM-B is set to the maximum trans-
mission point (MATP), i.e., V_pc.p = 0. Under this condition, only the optical carrier is
transmitted through DDMZM-B and can be expressed as follows [38]:

Eppmzm-p(t) = 2\1&(1 + 7)\/;7' Eo exp(jewet) @)

Serrodyne modulation enables frequency translation of the optical carrier by applying

a sawtooth wave with an amplitude of 2V [39-41]. Specifically, Serrodyne modulation
imposes a periodic phase change on the optical signal using a sawtooth wave; a linear phase
ramp ¢(t) = 27tf;t is mathematically equivalent to a frequency shift by f;. When the phase
increases linearly with time, the optical signal output acquires a constant frequency shift. In
contrast, sinusoidal modulation causes the instantaneous frequency to vary continuously,
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and the output spectrum is expanded into multiple sidebands according to Bessel functions,
resulting in poor spectral purity. Therefore, the sawtooth waveform is the most suitable
driving signal for Serrodyne modulation. In the proposed scheme, a sawtooth wave with a
positive slope and an angular frequency ws generated by an arbitrary waveform generator
(AWG) is applied to DDMZM-B. The sawtooth wave is characterized by its amplitude A,
period Ts = 27t/ w; and fall time Tr. For convenience, T = aTs is designated, where 0 < «
<1 and « can be set by the AWG. Therefore, the sawtooth wave is illustrated in Figure 1c
and is delineated as follows:

S(t) = ©)

G 0<t<(1—a) T
Al (1—%) (=) Ty <t<Ty
When DDMZM-B is driven by two identical sawtooth waves into the RF ports, it is
equivalent to a phase modulator [40,41]. As a result, at the output of the DP-DDMZM, the

frequency-shifted optical carrier and a pair of CS-ODSB signals are generated and can be
fully expressed as:

5(t)

Epp—ppmzm(t) = {EDDMZMA(t) + Eppmzm—p(t) - exp {]" ”] }

Vr
(1+ 'y)n:Zin - Jon—1(m)exp[j- (2n — 1) - wrrt]

(4)
1 . te . .
= mﬁ-EoeXp(cht)- +(@ =) X j-Jan(m)exp(j-2n - wgpt)
n=-—o0
. S(1)
+(1+9)exp|j- m——=
Vn
+o0
where exp[j - 77 - S(t)/ V] can be writtenas Y. axexp(j- kwst), and lai | is given by:
1 s 27kt
lax| = TS/COS{VH -S(t) — T. ]dt’ (5)

Under ideal circumstances, the fall time TF is 0; thus, perfect frequency translation can
be achieved. The optical carrier at angular frequency w; is shifted to angular frequency
wc + ws without generating spurious sidebands. That is, a; = 1 and a4y = 0 where k # 1.
Therefore, Equation (4) can be rewritten as:

Epp-ppmzm(t) = 2175\/% Eq exp(jwct)

e, E el @i-y-awt |

‘|‘(1—')’) :Zio ]]2n(m) exp(j-Zn-prt)
+(14 ) exp(j - wst)

After passing through the ODUT, the optical signal that carries the responses of the
device is written as

Epp-ppmzm(t) = ﬁ V- Eoexp(jewet)-

(149) £ j faw-a(m) - Hlooe + (20— Deone] - expli- (21— 1) - e "

+
(1—v _g j Jan(m) - H{we + 2n - wgre] - exp(f - 2n - wret)

+ )
+(1+4y) - H(we + ws) - exp(j - wst)
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where H(w)=Hopur(w) - Hsys(w), Hopur(w) and Hsys(w) are the complex frequency re-
sponses of the ODUT and the measurement system without the DUT, respectively.

After the PD, the photocurrent at the angular frequencies ws + wrr and |wrr — ws | is
extracted by setting the phase-magnitude detector (PMD). Owing to the asymmetric ODSB
structure, the angular frequencies of the photocurrents i(ws + wgrr) and i(| wrr — ws 1) are
different. In addition, i(ws — wgrr) and i(wrr — ws) represent the photocurrents generated
under different operating conditions, and can be expressed as follows:

2
i(ws +wrp) = 21y - 2\17 (T47)- \/%Eo}
j - Ji(m)H(we + ws) H* (we — wrr)

. 2

i(ws — wrF) T - {7 (T+7) - /tEo | ®)
( i) Ji(m)H (wc‘f'ws)H*(C;c-FwRF), if ws > wgr

(wWrF — ws) = 2777 - [ (1+7) \/?on]

j - Ji(m )H*(wc + ws)H(we + wrr), if ws < wrp

where 1 is the responsivity of the PD.
To eliminate the responses of the system, a calibration procedure is performed. Under
this condition, the detected photocurrent without the ODUT is given by:

isys(ws + wWrp) = 27117 - # (1+7) Vi EO}
j  J1(m)Hsys(we + ws) Hyy (we — wrp)

isys(ws — wrp) = 2717 - # (1+7) /- EO} ©)
“(=7) - Ja(m)Heys(we + wS>Hsys(wC + wgp), if ws > wrp

isys(wRF _ws) = 2nn- { 1"—’)/ \/7 Eo}
- Ja(m ) sys(wC+wS)Hst(wC+wRF) if ws < wgr

According to Equations (8) and (9), the responses of the ODUT on both sides of the
optical carrier can be obtained by removing the system responses as follows:

_ _ i(ws+wrr) -
HODUT(wC wRF) - [iS}/S(wS+WRF)HODUT(WC+wS)i|
_ i(ws—wgF) o
HODUT((’JC + wRF) - isys(ws*f‘JRF;HODUT(‘UCJFCUs):| ! if Ws = WRF (10)
i(WRp—Ws

Hopur(we + wgr) = if ws < wgr

sys (pr—ws)H(*)DUT(wc—i—ws) 4

where Hopyr(we + ws) is the frequency response of the ODUT at the frequency-shifted
carrier, which is a measurable complex constant, Hj; ;1-(we + ws) is the conjugate complex
constant of Hopyr(we + ws).

2.2. Principle of Errors Caused by the Spurious Sidebands

In practice, generating an ideal sawtooth wave is challenging because it inevitably
possesses a finite fall time. Numerical simulations indicate that the amplitudes of the spuri-
ous frequency-shifted sidebands increase as the fall time increases [36—42]. Consequently, a
small fraction of the power of the optical carrier is converted to spurious frequency-shifted
optical sidebands with angular frequencies of w, + k - w;, where —oo <k < +o0 and k # 1.
When these spurious optical sidebands are considered, Equation (4) is rewritten as
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1+ V)HZZ:J]' “Jon—1(m) -explj - (2n — 1) - wgrt]

[eo)

+
Epp—ppmzm(t) = 2\17\/% Eo- | +(1- ’Y)n:Z_OOj +Jon(m) - exp(j - 2n - wrrt)
+o0
+(1+79) T ax-exp(j-kwst)
too S 1
= Y Ay1(m)-exp{j-|wc+ (2n—1) - wge]t}
n=—o0
—+o00
+ Y Bou(m)-explj- (we+2n - wgrp)t]
n=—o0
—+o0
+k Y. Cr-explj- (we+k-ws)t]

where the corresponding complex constants Ay, _1(m), By, (m) and Cy, are expressed as

Agp—1(m) = ﬁ\/@ Eo(1+7)+j+Jan-1(m)
Bou(m) = 55 /by - Eo(1 =) - j - Jan(m) (12)
|Ck| = ﬁ\/%'Eo(lﬂLY) - fa|

After passing through the ODUT, both the magnitude and phase of the optical sig-
nal expressed in Equation (11) are changed according to the transfer function of the
device, yielding

Eai(t) = & Agaoy(m)-Hlwe + (20— 1) - el - exp{j - [we + (20— 1) - et}

n=-—oo

+ Eo Bon(m) - H(we 4 2n - wrr) - exp[j - (we + 21 - wrr)t] (13)

n=-—co0
+00
+ Y Cy-H(we+k-ws)-explj- (we+k-ws)t]
k=—o0
After square-law detection in the PD, the desired photocurrents at angular frequencies
ws + wrr and | wgrr — ws | are extracted and expressed as

A*(m)-Cy - H*(we — wrr) - H(we + ws)
+Aj(m)-C_q-H(we+ wgrr) - H (we — ws)

i(ws + wrp)= 27'[17{

A% (m) - Cy - H (w, + wgr) - H(we + wy) }

i — =2
i(ws — WRF) 7'”7{ +A_1(m)-C_1 - H(we — wgrr) - H* (we — ws)

if ws> wWgrE

Ax(m) €y - H{we + eoge) - H (e + ) } ,

Heome = ws)= 2”’7{ Ay () C - H (@ — wrp) - Hlwe — w,)

if ws< wWgrE

As observed, on the right-hand side of Equation (14), the first term is the photocurrent
carrying the frequency response, whereas the second term is the error introduced by
the spurious frequency-shifted —1st-order sideband. A schematic diagram of the error
introduced by the spurious frequency-shifted —1st—-order sideband is shown in Figure 2.
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Figure 2. Scheme of the error introduced by the spurious frequency-shifted —1st—-order sideband in
the proposed OVA. (a) Generated optical spectra and (b) desired photocurrent in the PD when the
frequency of the RF signal is greater than that of the sawtooth wave; (c) generated optical spectra
and (d) desired photocurrent in the PD when the frequency of the RF signal is less than that of the
sawtooth wave.

To remove the responses of the system, a calibration step is implemented. When
the sawtooth fall time is less than 1% of the sawtooth period, the spurious sidebands are
more than 30 dB lower than the desired frequency-shifted signal at an angular frequency
of we + ws [38-40,43]. The spurious suppression ratio (SSR) is therefore defined as the
ratio between the amplitude of the frequency-shifted signal at w, + ws and the amplitude
of the spurious frequency-shifted sideband signal at w. — ws, as illustrated in Figure 1b.
Because the SSR is larger than 30 dB, |C; 1> 1C_1| can be achieved. Therefore, in the
calibration step, the error induced by the spurious frequency-shifted —1st-order sideband
can be ignored, and the photocurrent at ws + wrr and |wrr — ws | can be expressed as
follows [23]:

isys(ws + wrp)= 27t - AZ1(m) - C1 - Hyys(we — wrr) + Heys(we + ws)
lsys (ws — wrp)= 27017 - Aj(m) - Cp - Hgys(we + wrr) - Hyys(we + ws) ,

if ws> wWgrE (15)
isys(WrF — ws)= 27117 - A1(m) - Cq - Hsys(we + wrr) - Hs*ys(wc + ws),

if ws< WgrE

Therefore, the frequency responses of the ODUT can be given as follows:

m _ _ i(ws+wgr) *
HODUT(wC C‘)RF) - [isys(ws—&-wRF)HODUT(wc-&-ws)}
= Hopur(we — wgrr) + A
m _ i(ws—wgE) } ¥
Hopur(we + wre) - = [isys(ws*wRF)HODUT(wﬁws)

(16)
= Hopur(we + wgrr) + By, if ws > wrr

— i{wrp—ws)
isys (WRF—ws ) HYpyyr (we+ws)

= Hopur(we + wgrr) + Az, if ws < wrr

HEpyr(we + wrr)
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where Hj, ;r(we + ws) is the frequency response of the ODUT at the frequency-shifted
carrier, which is a measurable complex constant; Hf; ;1 (wc + ws) is the conjugate complex
constant of Hopyr(w,e + ws). A1, Ay and Az are the errors introduced by the spurious
frequency-shifted —1st-order sideband, which are given by:

A = Aq(m)-C_y-H(we+wgrp)-H* (we—ws)
1 Ail(m)‘Cl'H;ys(wC_WRF)‘Hsys(wc+ws)'HODuT(wc+ws)
— A_1(m)-C_q-H(we—wgp)-H* (we—ws) ;
Az B Af(m)‘cl'Hs*ys(WE+WRF)'Hsys(CUC"FCUS)‘HODUT(UJC"‘WS)/ lf Ws > WRF (17)
_ A1(m)-C_1-H* (we—wgrp)-H(we—ws) .
A3 o Al(m)'cl‘Hsys(wC+WRF)'H:ys(Wc+ws)‘H6DUT(WC+CU5), lf Ws < CRF

As indicated by Equation (17), the errors comprise the spurious frequency-shifted
—1st sideband and the transmission functions of the ODUT and the system.

3. Numerical Simulation Results
3.1. Optical Vector Analysis for Arbitrary Responses

To validate the practicability of the presented scheme, theoretical simulations are
carried out according to the system architecture illustrated in Figure 1. All results were
obtained through numerical simulations conducted in an environment designed to closely
emulate practical experimental conditions. An optical signal generated by a TLS with
a frequency of 193.5 THz and an initial phase of 0 degrees was launched into the DP-
DDMZM and equally divided into two branches. The Fujitsu FTM7960EX was employed
as the simulated DP-DDMZM, featuring a half-wave voltage of 3.5 V and a 3-dB operating
bandwidth of 25 GHz. The modulation index m was set to 0.6 by adjusting the amplitude
of the RF signal applied to DDMZM-A, while the DC bias voltage of DDMZM-A was fixed
at the MITP to generate the CS-DSB signal. The optical spectra of the CS-DSB signal at
the output of DDMZM-A under an RF signal with a modulation frequency of 2 GHz are
shown in Figure 3a. A sawtooth wave signal is connected to the RF port of DDMZM-B,
and the DC bias voltage of DDMZM-B is set to operate at the MATP. Thus, only an optical
carrier is generated at the output of the DDMZM-B. The Uni-Trend UTG9604T was selected
as the simulated AWG, which has a 600 MHz analog bandwidth, providing a maximum
ramp waveform operating bandwidth of 30 MHz, a frequency resolution of 1 tHz, and an
adjustable symmetry ranging from 0.00% to 100.00%.

1st (b) frequency-shifted ..
+1s| carrierNgty, | «l2nHz
sideband 20 -1st T atst

idebhand. {|sideband

suppressed
carrier

\

4444444

Power (dBm)
Power (dBm)
8

6 -4 -2

0 2 4 -6
Frequency Offset (GHz)

-4 -2 0 2 4
Frequency Offset (GHz)

Figure 3. (a) Optical spectra of the CS-DSB signal at the output of DDMZM-A when an RF signal with
a modulation frequency of 2 GHz is applied. (b) Optical spectra of the double-sideband signal with a
frequency-shifted carrier at the output of the DP-DDMZM when a sawtooth wave with a frequency
of 2 MHz and an RF signal with a modulation frequency of 2 GHz are applied.

In the proposed method, a sawtooth wave with a frequency of 2 MHz and a fall
time of 0.01% was used for the simulation. The amplitude of the sawtooth wave was
set to approximately 7.0 V, which is twice the half-wave voltage of the DP-DDMZM,
and was then connected to the RF port of DDMZM-B. The optical spectra of the double-
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N A O
o o o

Magnitude (dB)

X
(=3

40}

sideband signal with a frequency-shifted carrier at the output of the DP-DDMZM under
a sawtooth wave frequency of 2 MHz and an RF signal with a modulation frequency of
2 GHz are shown in Figure 3b. As observed, the SSR is approximately 43.0 dB, which
results in a limited influence on the accuracy according to Equation (17). The optical
signals were subsequently converted into electrical photocurrents using a simulated Finisar
XPDV2120R photodetector with a responsivity of 0.65 A/W and an operating bandwidth
of 50 GHz. The PMD was implemented using a commercial electrical vector analyzer
(EVA), specifically the R&S ZVA67, which provided simultaneous amplitude and phase
measurements over a bandwidth of 67 GHz. The swept RF signal of the EVA was arranged
to sweep across 0-10 GHz, and 10,001 frequency points were adopted. The CS-ODSB
modulation enables simultaneous sweeping using the positive and negative 1st-order
sidebands, thereby doubling the working range compared with that of conventional single-
sideband modulation. As a result, a bandwidth of 20 GHz with a frequency resolution of 1
MH2z was achieved.

An ideal uniform FBG with a center wavelength of 1550 nm, an operating bandwidth
of 20 GHz and a maximum depth of 45.5 dB relative to the center frequency was simulated
and utilized as the ODUT. The simulated responses of the FBG are shown in Figure 4. The
responses of the constructed FBG are also shown in Figure 4a-b for comparison. As derived
from Equation (8), the angular frequencies of the photocurrents are different from those
generated by the £1st-order and higher-order sidebands, such that the errors induced by
the frequency aliasing can be effectively avoided. As illustrated in Figure 4, the simulated
responses are consistent with those of the simulated FBG, indicating that the proposed
OVA can accurately characterize asymmetric optical devices.
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Figure 4. Simulated (a) magnitude response and (b) phase response of the FBG based on the
proposed OVA.

Given the critical role of ODUTs with band-stop responses in practical applications,
validating the feasibility of the proposed scheme for accurately obtaining the band-stop
responses is also important [22,26]. Here, an ideal FP cavity with a notch depth of 15.0 dB,
a free spectral range (FSR) of 8 GHz, and a phase shift of 360 is simulated and used as
the ODUT with a band-stop response. The simulated magnitude and phase responses of
the FP cavity are presented in Figure 5. The inset of Figure 5 illustrates that the simulated
frequency responses match well with those of the constructed FP cavity, showing good
agreement with the theoretical predictions and analysis.
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Figure 5. Simulated (a) magnitude response and (b) phase response of the FP cavity based on the
proposed OVA.

Another advantage of the proposed OVA is its ability to characterize ODUTs with
bandpass responses. In the proposed method, the frequency-shifted optical carrier is
not suppressed because it does not need to be located at the notch responses. Therefore,
the photocurrent carrying the responses of the ODUT can be generated and obtained,
representing an improvement over conventional OSSB-based OVAs. In the simulation, a
26th-order bandpass filter designed using a Hann window, with an operating bandwidth
of 20 GHz and a maximum depth of 72.8 dB relative to the center frequency, was simulated
and used as the ODUT. The simulated responses of the bandpass filter are shown in
Figure 6. The simulated results agree well with the responses obtained from the established
model, indicating that arbitrary responses can be obtained using the proposed scheme in
an ideal situation. Notably, in practical implementations, the power of the modulation
sideband signal is limited. Therefore, when the ODUT exhibits band-stop responses with
large suppression, the sideband signal is significantly suppressed, preventing sufficient
photocurrent generation for reliable measurement. Consequently, the proposed method
can accurately characterize arbitrary responses provided that the frequency-shifted carrier
maintains adequate power and there is a stable complex reference signal.
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Figure 6. Simulated (a) magnitude response and (b) phase response of the simulated bandpass filter
based on the proposed OVA.

3.2. The Effect of the Modulation Index on Accuracy

In the proposed OVA, by extracting the photocurrent at ws + wrr and |wrr — ws |,
the system was immune to errors induced by higher-order sidebands. This is due to the fact
that the frequency of the beat notes between the higher-order sidebands is different from
those of the frequency-shifted carrier and the desired +1st-order sidebands. To validate this
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advantage, the responses of the FBG were simulated using the proposed OVA at different
modulation indices. As illustrated in Figure 7, the modulation index varied from 0.2 to
1.2. It is evident that the simulated magnitude and phase responses of the FBG are highly
consistent across the different modulation indices.
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Figure 7. Simulated (a) magnitude response and (b) phase response of the FBG based on the proposed
OVA with various modulation indices.

To better reveal the influence of the modulation index on the accuracy of the frequency
responses of the FBG, the corresponding notch depth, 3-dB bandwidth, mid-frequency
offset, and phase shift were extracted and are shown in Figure 8. All data were obtained at
—7.54 GHz from the center frequency. As evident, when the system operates at different
modulation indices, the simulated parameters are in good agreement with those of the
constructed FBG, demonstrating good consistency across different modulation indices.
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Figure 8. Simulated (a) notch depth, (b) 3-dB bandwidth, (c) mid-frequency offset, and (d) phase
shift of the FBG with various modulation indices. The parameters of the constructed FBG are also
presented for comparison.

To validate that the proposed method can also achieve high accuracy of the ODUT
with band-stop responses under various modulation indices, another simulation is also
implemented in Figure 9. As evident, the simulated frequency responses also show a high
consistency with the increase of the modulation index. The corresponding notch depth,
the free spectrum range (FSR), the 3-dB bandwidth, and the phase shift of the FP cavity
extracted from Figure 9 are also shown in Figure 10, respectively. It is clear that the four
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simulated parameters match well with those of the constructed FP cavity. It should be
noted that the slight difference in the phase shift shown in Figure 10d is due to numerical
errors in the simulation. Based on the above analysis and simulated results, it can be
concluded that the proposed OVA is capable of achieving high accuracy under arbitrary
modulation indices.
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Figure 9. Simulated (a) magnitude response and (b) phase response of the FP cavity based on the
proposed OVA with various modulation indices.
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Figure 10. Simulated (a) notch depth, (b) 3-dB bandwidth, (c) FSR, and (d) phase shift of the FP cavity
with various modulation indices. The parameters of the constructed FP cavity are also presented
for comparison.

3.3. The Effect of the Fall Time Ratio on Accuracy

In practice, due to nonideal performance, the sawtooth wave generated by the AWG
has a finite fall time. Thus, spurious frequency-shifted optical sidebands were generated.
According to Figure 2 and Equation (17), the errors of the proposed OVA mainly originate
from the spurious frequency-shifted —1st-order sideband. To comprehensively investi-
gate the influence of the fall time on the accuracy of the frequency responses, numerical
simulations were implemented. Figure 11 shows the responses of the FBG at various fall
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times, and the fall time ratio varies from 0.00% to 1.0%. The simulation results show that
the simulated frequency responses gradually deviate from those of the constructed ones as
the fall time increases, particularly at the notch peak.
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Figure 11. Simulated (a) magnitude response and (b) phase response of the FBG based on the
proposed OVA with various fall time ratios.

To better demonstrate the effect induced by the fall time, the corresponding notch
depth, 3-dB bandwidth, mid-frequency offset, and phase shift, all extracted at —7.54 GHz
from the center frequency, are displayed in Figure 12. As numerically verified in
Figure 12a,d, with increasing fall time, the simulated results of notch depth and phase
shift deviate from those of the constructed FBG. When the fall time ratio exceeds 0.1%,
the simulated errors gradually increase, with larger fall times exerting a more significant
influence on the accuracy of the magnitude response. In contrast, the simulated results of
the 3-dB bandwidth and mid-frequency offset exhibit excellent agreement with those of
the constructed FBG, and remain highly consistent across different fall times. The slight
discrepancy observed in the 3-dB bandwidth can be attributed primarily to the limited
resolution of the proposed method.
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Figure 12. Simulated (a) notch depth, (b) 3-dB bandwidth, (¢) mid-frequency offset, and (d) phase
shift of the FBG at various fall time ratios. The parameters of the constructed FBG are also presented
for comparison.
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To comprehensively investigate the influence of spurious frequency-shifted sidebands
on the accuracy of ODUT with band-stop responses, another simulation was performed, as
demonstrated in Figure 13. The simulated responses of the FP cavity obtained using the
proposed OVA at various fall times are illustrated. The fall time ratio varied from 0.00%
to 1.0%. The corresponding notch depth, the 3-dB bandwidth, FSR, and phase shift of the
FP cavity were also extracted and are displayed in Figure 14. As observed, the simulated
notch depth and phase shift vary with the fall time and reach the values of the constructed
FP cavity when the fall time ratio is set to 100%. Consistent with the results shown in
Figure 12, the simulated 3-dB bandwidth and FSR are also in excellent agreement with
those of the constructed FP cavity and exhibit high consistency at a large fall time ratio.
Notably, the slight discrepancy observed in the simulated 3-dB bandwidth as depicted in
Figure 14b can also be attributed to the limited resolution of the proposed method. Overall,
it was found that the errors increase with increasing fall time, which is consistent with the
theoretical analysis.
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Figure 13. Simulated (a) magnitude response and (b) phase response of the FP cavity based on the
proposed OVA with various fall time ratios.
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Figure 14. Simulated (a) notch depth, (b) 3-dB bandwidth, (c) FSR, and (d) phase shift of the FP
cavity with various fall time ratios. The parameters of the constructed FP cavity are also presented
for comparison.
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4. Discussion

In practical measurements, nonideal factors such as temperature fluctuations and
mechanical vibrations of the system [44], as well as the finite extinction ratio and DC
bias drift of the EOM, can influence the measurement accuracy [45]. Besides, the limited
performance of the EOM and PD at high frequencies can also introduce noise [46]. The
limited suppression ratio of the spurious frequency-shifted sidebands is also caused by
imperfect polarization. By using more stable devices with better performance and applying
commercially available modulator bias-control circuits or polarization-maintaining fibers,
the robustness and stability of the OVA will be improved. Moreover, it is feasible to acquire
enhanced resolution down to the theoretical sub-Hz level through more swept points or
the deployment of lasers with ultra-narrow linewidth and suppressed frequency drift [47].

In addition, the amplitude of the sawtooth waveform is an important influencing factor
for the sideband suppression ratio of the Serrodyne frequency shifting [48]. By precisely
controlling the amplitude of the sawtooth wave signal, the accuracy of the proposed method
can be improved.

To further demonstrate that the presented scheme possesses high accuracy, a simulated
quantitative comparison between the proposed OVA and the OVA based on OSSB was
performed, as shown in Figure 15a. When the modulation index exceeds 0.4, the errors
become significantly larger. At the modulation index of 1.96, the error exceeds 100%,
resulting in significant distortion of the frequency responses. However, the proposed
OVA is immune to errors induced by higher-order sidebands because the beat notes
generated between the higher-order sidebands occur at frequencies different from those of
the frequency-shifted carrier and the desired +1st-order sidebands.
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Figure 15. (a) The simulated errors introduced by the undesired beatings between the high-order
sidebands with various modulation indices in the conventional OSSB-based OVA; (b) The simulated
errors caused by different fall times of the sawtooth waveform in the proposed OVA.

However, due to nonideal performance, the sawtooth wave generated by the AWG
has a finite fall time. As a result, the spurious frequency-shifted optical sidebands were
generated. According to Figure 2 and Equation (17), the error of the proposed OVA mainly
originates from the —1st-order sideband of the spurious frequency shift. As shown in
Figure 15b, the error increases with increasing fall time ratio. However, even if the fall
time ratio increases to 10%, the error does not exceed 7%. Because the fall time ratio of the
sawtooth waveform is also affected by the bandwidth of the AWG, the accuracy can be
further improved by selecting a sawtooth wave source with a higher bandwidth.

https://doi.org/10.3390 / photonics13090893


https://doi.org/10.3390/photonics13090893

Photonics 2026, 13, 893 16 of 18

5. Conclusions

In conclusion, an OVA based on serrodyne modulation was proposed and validated.
By employing serrodyne modulation, asymmetric ODSB signals are generated and subse-
quently pass through the ODUT. The optical signals are then converted into a frequency-
shifted photocurrent, enabling the extraction of the ODUT’s responses. Owing to the
asymmetric ODSB structure, the errors induced by the EOM’s nonlinearity under arbitrary
modulation indices are reduced because the beat signals from the high-order sidebands
occur at frequencies different from those generated by the frequency-shifted carrier and the
desired sidebands. Here, the capability of the proposed OVA is demonstrated by numerical
simulations for characterizing arbitrary optical responses in an ideal situation, achieving a
20 GHz frequency range for a uniform FBG, an FP cavity, and a bandpass filter. Moreover,
the influence of spurious frequency-shifted optical sidebands generated by the fall time
of the sawtooth wave on characterization accuracy was also investigated. Unfortunately,
the current work relies solely on numerical simulation. Under actual experimental condi-
tions, the practical imperfections such as polarization effects, bias drift, reflections, and
component nonidealities will be considered in future experimental work. The proposed
OVA offers a new approach for characterizing the optical devices.
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