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Optical vector network analyzers (OVNAs) based on optical single-sideband (OSSB) modulation are of great inter-
est thanks to the potentially high measurement resolution. However, the measurement accuracy of the OSSB-
based OVNA is limited by the high-order sidebands in the OSSB signal. To study the influence of the high-order
optical sidebands in OSSB signals on the measurement accuracy, an analytical model is established to present the
expression of the measurement error and a numerical simulation is performed. For the OSSB-based OVNA
implemented by a 90-deg electrical hybrid coupler and a dual-drive modulator, when the −1st order sideband
is fully suppressed by the OSSB modulation, the existence of the �2nd-order sideband severely degrades the
resolution of the measurement, while the −3rd and −2nd order sidebands place a restriction on the dynamic range
of the measurement. In addition, these sidebands also introduce evident measurement errors to the phase
response. The study may provide a good guidance in designing the high performance OVNA. © 2013 Optical
Society of America

OCIS codes: 130.4110, 190.4360, 120.5050, 060.2300, 350.4010.

1. INTRODUCTION
The rapid development of photonic systems demands high re-
solution and accurate measurement of the optical devices.
The phase and magnitude responses are essential to obtain
many key parameters for a device under test (DUT), such as
the insertion loss, dispersion, group delay, polarization mode
dispersion (PMD), polarization-dependent loss (PDL), and im-
pulse response. Several methods were proposed to measure
the phase and magnitude responses, such as the modulation
phase-shift approach [1], the interferometry approach [2], and
the optical single-sideband (OSSB) modulation-based optical
vector network analyzer (OVNA) [3–8]. Among them, the mea-
surement resolution of the OSSB-based OVNA can reach
78 kHz in experiment [8] and several hertz in theory [3]. In
addition, the OSSB-based OVNA can measure polarization
parameters, such as PMD, PDL, and so on, by simply incorpor-
ating a polarization beam splitter [5].

In the OSSB-based OVNA, the key component is the
wideband OSSB modulator. Numerous techniques to generate
the wideband OSSB signals were reported [9–14], such as the
approaches based on a dual-drive Mach–Zehnder modulator
(MZM) [9], an equivalent phase-shift fiber Bragg grating
(PS-FBG) followed by a uniform FBG [10,11], an EAM-loop
[12], an optical Hilbert transformer [13] or a steep-edge optical
bandpass filter [8]. In the OSSB-based OVNA, the responses of
the DUT are probed by one of the first-order sidebands, so it is
highly desirable that the OSSB signal consist of the carrier and
one of the first-order sidebands only. However, all the OSSB
modulators generate considerable high-order sidebands if the
phase modulation index of the modulator is large, which
would significantly distort the measurement results. In [4],
Hernández et al. pointed out that higher suppression of the
residual sidebands in the generated OSSB signal would results

in higher measurement accuracy, but a comprehensive study
on the influence of the high-order sidebands on the measure-
ment accuracy is still lacking.

In this paper, a theoretical and numerical investigation on
the influence of the high-order sidebands on the measurement
accuracy of the OSSB-based OVNA is performed. An analyti-
cal model is established for the OSSB-based OVNA implemen-
ted by a 90-deg electrical hybrid coupler and a dual-drive
modulator, from which the expression of the measurement
errors is deduced. Given that the −1st order sideband is fully
suppressed by the OSSB modulation, analytical results show
that the components beat by the �1st and �2nd order side-
bands and the −3rd and −2nd order sidebands introduce con-
siderable measurement errors. These results are confirmed by
the numerical simulation in which an ultra-narrow-band PS-
FBG is served as the DUT. The existence of the �2nd order
sideband severely degrades the accuracy of the OSSB-based
OVNA, while the −3rd and −2nd order sidebands place a re-
striction on the dynamic range of measurement. In addition,
these sidebands also introduce evident measurement errors to
the phase response. The analysis in the work can be extended
to study other OSSB-based OVNAs.

2. ANALYTICAL ANALYSIS
Figure 1 shows a typical configuration of the OSSB-based
OVNA. An optical carrier from a laser diode (LD) is modulated
by a RF signal from a tunable RF source at an OSSB modu-
lator. The OSSB modulator is composed of a 90-deg electrical
hybrid coupler and a dual-drive MZM. Then, the OSSB signal
propagates through a DUT. The DUT changes the phase and
magnitude of each sideband in the OSSB signal. A photodetec-
tor (PD) is followed to convert the OSSB signal back to a RF
signal. The phase and magnitude of the generated RF signal
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are detected by a phase-magnitude detector. By scanning the
frequency of the RF signal, the phase and magnitude
responses of the DUT can be obtained.

Mathematically, the OSSB signal generated by the
dual-drive MZM can be written as

Ein
SSB�t� � exp�iωot�

�
exp

�
i
�
β cos ωet −

π

2

��

� exp�iβ sin ωet�
�
; (1)

where ωo, ωe are the angular frequency of the optical carrier
and the RF signal, respectively, β � πV∕Vπ is the phase mod-
ulation index, V is the magnitude of the RF signal, and Vπ is
the half-wave voltage of the MZM. Based on the Jacobi–Anger
expansion, the signal in Eq. (1) can be rewritten as

Ein
SSB�t� �

X∞
m�−∞

fJm�β��im−1 � 1� exp�i�ωo �mωe�t�g; (2)

where Jm�β� is themth order Bessel function of the first kind.
The Fourier transform of the signal in (2) is

Ein
SSB�ω� �

X∞
m�−∞

f2πJm�β��im−1 � 1� � δ�ω − �ωo �mωe��g:

(3)

In the DUT, the phase and magnitude of the carrier and
each sideband in the OSSB signal would be changed accord-
ing to the transmission response of the DUT. After the DUT,
the optical signal can be expressed by

Eout
SSB�ω� � Ein

SSB�ω� ·H�ω�

�
X∞

m�−∞
f2πH�ωo �mωe�Jm�β��im−1 � 1�

� δ�ω − �ωo �mωe��g; (4)

where H�ω� is the transmission response of the DUT.
After the square-law detection in the PD, we obtain

iPD�t� � ηEout
SSB�t� · Eout�

SSB �t�; (5)

where η is the responsivity of the PD and Eout
SSB�t� is the reverse

Fourier transform of Eout
SSB�ω�, given by

Eout
SSB�t� �

X∞
m�−∞

fH�ωo �mωe�Jm�β��im−1 � 1�

× exp�i�ωo �mωe�t�g: (6)

In the OSSB-based OVNA, the phase-magnitude detector
only responds to the component with the same frequency
of the reference signal, i.e., ωe, so we have

iPD;ωe
�t� � η

X∞
m�−∞

f�im � 1��im−1 � 1��Jm�1�β�Jm�β�

·H�ωo � �m� 1�ωe�H��ωo �mωe� exp�iωet�
� �im � 1���im−1 � 1�Jm�1�β�Jm�β�
·H��ωo � �m� 1�ωe�H�ωo �mωe� exp�−iωet�g

� 2ηRe
� X∞
m�−∞

��im � 1��im−1 � 1��Jm�1�β�Jm�β�

×H �ωo � �m� 1�ωe�H��ωo �mωe� exp�iωet��
�
: (7)

As can be seen from Eq. (7), the ωe component in the re-
ceived signal is produced by the beat note of the �m� 1�th
and mth-order optical sidebands. To simplify the analysis,
Eq. (7) can be represented in the complex exponential
form [15],

iPD;ωe
�t� � 2η

X∞
m�−∞

f�im � 1��im−1 � 1��Jm�1�β�Jm�β�

×H �ωo � �m� 1�ωe�H��ωo �mωe� exp�iωet�g: (8)

From Eq. (8), it is very hard to obtain H�ω� from the elec-
trical current of the PD because the current is the sum ofH�ω�
at different frequencies. To simplify the measurement, it is
highly desirable that the signal in Eq. (2) contains the optical
carrier and the �1st order optical sideband only. In that case,
the electrical current in Eq. (8) can be rewritten as

im�0�t� � 4
���
2

p
ηJ0�β�J1�β�H�ωo � ωe�H��ωo�

× exp
�
i
�
ωet�

π

4

��
: (9)

Based on Eq. (9), the transmission response of the DUT can
be achieved, given by

H�ωo � ωe� �
im�0�t�

4
���
2

p
ηJ0�β�J1�β�H��ωo� exp

�
i
	
ωet� π

4


� : (10)

In the actual measurement [3–8], we always assume that
iPD;ωe

�t� equals im�0�t�, which is the case that can only be
obtained when β → 0. When β ≠ 0, the actual responses we
obtained in the measurement should be

Hmeasured�ωo�ωe��
im�0�t�

4
���
2

p
ηJ0�β�J1�β�H��ωo�exp

�
i
	
ωet−

π
4


��Δ

�H�ωo�ωe��Δ; (11)

Fig. 1. (Color online) Schematic diagram of the OSSB-based OVNA.
LD, laser diode; RF, radio frequency; MZM, Mach–Zehnder modulator;
DUT, device under test; PD, photodetector, PMD, phase-magnitude
detector.
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where Δ is the deviation between the measured and actual responses introduced by the high-order sidebands in the OSSB signal,
given by

Δ �
P∞

m�−∞
m≠0

f�im � 1��im−1 � 1��Jm�1�β�Jm�β�H�ωo � �m� 1�ωe�H��ωo �mωe�g
2

���
2

p
J0�β�J1�β�H��ωo� exp

	
i π4

 : (12)

As can be seen from Eq. (12), the measurement error is dee-
ply dependent on the transmission characteristics of the DUT.
To give an intuitive understanding of Eq. (12), we let the re-
sponse of the DUT beH�ω� � 1. Thus, the measurement error
is written as

Δ �
P∞

m�−∞
m≠0

��im � 1��im−1 � 1��Jm�1�β�Jm�β��
2

���
2

p
J0�β�J1�β� exp

	
i π4

 : (13)

In Eq. (13), each term in the right side represents the mea-
surement error introduced by the beat component of the mth
and �m� 1�th-order sidebands. For practical measurement,
the phase modulation index β is usually less than π, due to
the limited microwave power applied to the MZM. For
0 ≤ β ≤ π, the Bessel function Jn for n ≥ 4 are all monotoni-
cally increasing with respect to β and monotonically decreas-
ing with respect to the order of Bessel function n. Given that
J3�π� � 0.33346, J4�π� � 0.15142, and J5�π� � 0.05214, it is
reasonable to ignore the optical sidebands with order higher
than 4 in our analysis. Thus, Eq. (13) can be simplified to

Δ � J
−3�β�J−4�β�
J0�β�J1�β�

� J
−2�β�J−3�β�
J0�β�J1�β�

� J2�β�J1�β�
J0�β�J1�β�

: (14)

The three terms in the right side of Eq. (14) represent the
measurement errors introduced by the components beat by
the −4th and −3rd, −3rd and −2nd, and �1st and �2nd order
sidebands, respectively. Because the −1st and �3rd-order
sidebands are eliminated by the OSSB modulation, the com-
ponents beat by the −2nd and −1st,�2nd and�3rd, and�3rd
and −4th-order sidebands are not presented. Figure 2 shows
the measurement error of the magnitude response introduced
by each term. As can be seen, the larger the modulation index
is, the bigger the measurement error will be. The biggest error
is originated from the component beat by the �1st and �2nd
order sidebands. At a phase modulation index of π∕3, which is

a practical value in the measurement, the error is greater than
16.7%, which could significantly distort the measured re-
sponses. Since we have assumed H�ω� � 1, the phase of
the component beat by the mth and �m� 1�th order side-
bands always equals to π∕4. As a result, in Eq. (13) we cannot
find the errors in phase. To reveal the errors of the phase mea-
surement, a complex H�ω� must be assumed, which is too
complicated for the analytical analysis. Therefore, numerical
simulations are performed in the next section.

It should be noted that although lower modulation index
would produce smaller measurement error, it would reduce
the measurement dynamic range because the power level
of the signal after detection is very low. For example, Fig. 3
shows a typical curve of the measurement dynamic range as a
function of the modulation index. To achieve Fig. 3, the power
of the optical signal to the PD is assumed to be 10 dBm, the
responsivity of the PD is 0.8 A∕W, and the noise floor of the
system is −90 dBm. As can be seen, the largest dynamic range
is 60.71 dB at a modulation index of 1.082. If the modulation
index is smaller than 0.22, the measurement dynamic range is
less than 50.71, 10 dB lower than the maximum.

3. NUMERICAL SIMULATION
In order to further investigate the influence of the high-order
sidebands in the OSSB signal on the measurement accuracy of
the OSSB-based OVNA, numerical simulation of the OSSB-
based OVNA is performed. In the simulation, the DUT is as-
sumed to be an ideal PS-FBG with the phase and magnitude
responses shown in Fig. 4. The PS-FBG has a center wave-
length of 1550 nm, a notch depth of 59.46 dB, a 3 dB band-
width of 11.1 GHz, and a phase-shift of 180°. Here, the
center frequency is defined as the average of the two frequen-
cies at which the transmittance is 15 dB lower than the trans-
mission peak; the notch depth is defined as the absolute value
of the difference between the maximum and minimum trans-
mittances; the 3 dB bandwidth is defined as the absolute value
of the difference between the two frequencies at which the

Fig. 2. (Color online) Errors introduced by the components beat by
the mth and �m� 1�th order sidebands.

Fig. 3. (Color online) Typical curve of the measurement dynamic
range as a function of the modulation index.
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transmittance is 3 dB lower than the transmission peak; and
the phase-shift is defined as the absolute value of the differ-
ence between the maximum and minimum phases around the
center wavelength. Other parameters used in the simulation
are as follows. The center wavelength of the LD is 50 kHz;
the RF source has a scanning step of 50 kHz and a frequency
range of 40 GHz; the bandwidth of the PD is 40 GHz. Accord-
ing to the analytical analysis above, only the −4th to �4th
order sidebands are considered in the simulation.

Figure 5 shows the simulated magnitude and phase re-
sponses of the PS-FBG when the modulation indices are
0.5 and 0.7, respectively. The actual magnitude and phase re-
sponses of the PS-FBG are also plotted for reference. As can
be seen, the OSSB-based OVNA can measure the actual re-
sponses when the modulation index is small. But when the
modulation index is large, significant distortions in both mag-
nitude and phase responses are observed, especially around
the wavelength notch. According to the analytical analysis in
the previous part, the distortion is introduced by the high-
order sidebands in the OSSB signal, which are generated
by the large-signal modulation in the OSSB modulator. From
Eq. (12), the −4th, −3rd, −2nd, and �2nd order sidebands in-
troduce appreciable measurement error. Therefore, to better
understand the influence of each high-order sidebands, the in-
fluence of the −4th, −3rd, −2nd, and�2nd order sidebands on
the notch depth, center frequency, 3 dB bandwidth, and phase
shift is numerically studied.

A. Magnitude Response
Figure 6(a) shows the simulated notch depth as a function of
the modulation index when one of the undesired sidebands is
removed. Since the �1st order sideband is largely attenuated

by the PS-FBG in the notch center (for example, 59.46 dB in
the simulation), the beat note between the −2nd and −3rd or-
der sidebands contributes a considerable portion to the power
of the generated ωe component. Therefore, the notch depth
should be greatly affected by the −2nd and −3rd order side-
bands. As can be seen from Fig. 6(a), if both of the −2nd
and −3rd order sidebands present in the OSSB signal, there
is large measurement error of the notch depth at β ≥ 0.4. Ac-
cording to Eq. (12), the beat note between the −2nd and −3rd
order sidebands and that between the �1st order sideband
and the optical carrier are out of phase. Thus, with the in-
crease of the modulation index, the total power of the ωe com-
ponent firstly decreases because the power of the high-order
sidebands increases faster than that of the first-order side-
band, and then increases since the power of the beat note be-
tween the −2nd and −3rd order sidebands is greater than that
between the �1st order sideband and the optical carrier. This
results in the increasing/decreasing notch depth before/after
0.65, as shown in Fig. 6(a). Because the accurate identification
of the notch depth is very important for an OVNA with large
dynamic range, it would be highly desirable to remove −2nd or
−3rd order sideband in the OSSB signal to increase the
dynamic range of the OSSB-based OVNA.

Figure 6(b) shows the measurement error of the center fre-
quency introduced by the −4th, −3rd, −2nd, and �2nd order
sidebands, respectively. When both of the �1st and �2nd or-
der sidebands are located in the left edge of the PS-FBG, they
would undergo increasing attenuation in the PS-FBG as the
frequency of the RF signal increases, while the −3rd and
−2nd order sidebands are almost unaffected. Because the beat
note between the −2nd and −3rd order sidebands and that be-
tween the �1st order sideband and the optical carrier are out

Fig. 4. (Color online) Actual responses of the PS-FBG. (a) The
magnitude response and (b) the phase response.
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Fig. 5. (Color online) Simulated measurement of the PS-FBG when
the phase modulation indices are 0.5 and 0.7, respectively. (a) The
magnitude response and (b) the phase response.
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of phase, the measured frequency response would decrease
faster than the actual one. When the �2nd order sideband
is located at the right edge of the PS-FBG, its attenuation
would decrease as the frequency of the RF signal increases.
According to Eq. (12), the beat note between the �2nd and
�1st order sidebands and that between the �1st order side-
band and the optical carrier are in phase, so decreasing of
the measured frequency response would be finally stopped
by the �2nd order sideband, resulting a notch with a center
frequency smaller than the actual one, as shown in Fig. 6(b)
and also in the inset of Fig. 5(a). The center frequency shift
can be as large as hundreds of MHz, which greatly degrades
the wavelength resolution of the OSSB-based OVNA. This
situation can be improved if the �2nd order sideband is
removed. In that case, the center frequency shift is 2 MHz
at a phase modulation index of 0.8.

Similarly, the �2nd order sideband would also introduce
large measurement error to the 3 dB bandwidth. Figure 6(c)

shows the 3 dB bandwidth versus the modulation index. With
all sidebands considered, the 3 dB bandwidth is generally
smaller than the actual value (11.1 GHz). At a phase modula-
tion index of 0.8, the deviation is about 0.2 GHz. If the �2nd
order sideband is removed, the error for the 3 dB bandwidth is
only 17.06 MHz at a phase modulation index of 0.8.

Since the �2nd order sideband greatly degrades the
resolution of the measurement, it should be removed for a
high-performance, OSSB-based OVNA. Therefore, the mea-
surement error induced by −4th, −3rd, and −2nd order side-
bands without the �2nd order sideband becomes interesting.
Figure 7 shows the deviation of the center frequency and the
3 dB bandwidth as a function of the modulation index when
the �2nd order sideband is removed. As can be seen from
Figs. 7(a) and 7(b), the resolution of the OSSB-based OVNA
can be further improved if the −2nd or −3rd order sideband in
the OSSB signal is also removed. For example, if both �2nd
and −2nd order sidebands are removed, the center frequency
shift is only 28.3 kHz, and the error for the 3 dB bandwidth is
only 0.22 MHz at a phase modulation index of 0.8.

B. Phase Response
Figure 8 shows the simulated phase-shift of the PS-FBG as a
function of the modulation index when one of the undesired
sidebands is removed. Since the phase-shift of the PS-FBG is
evaluated around the center of the notch where the �1st-
order sideband is largely attenuated (59.46 dB in the simula-
tion), the beat note between the −2nd and −3rd order side-
bands contributes a considerable portion to the power of the
generated ωe component. Therefore, the phase-shift should be
also greatly affected by the −2nd and −3rd order sidebands. As
can be seen from Fig. 8, if both of the −2nd and −3rd order

0.0 0.4 0.8 1.2
10.0

10.5

11.0

11.5

With all sidebands
With +2nd-order sideband removed
With -2nd-order sideband removed
With -3rd-order sideband removed
With -4th-order sideband removed

Modulation index (rad)

3-
dB

 b
an

dw
id

th
 (

G
H

z)
D

ev
ia

tio
n 

of

(a)

(b)

0.0 0.4 0.8 1.2
30

60

90

With all sidebands

With +2nd-order sideband removed
With -2nd-order sideband removed

With -3rd-order sideband removed
With -4th-order sideband removed

Modulation index (rad)

N
ot

ch
 d

ep
th

 (
dB

)

0.0 0.4 0.8 1.2
-300

-150

0

With all sidebands
With +2nd-order sideband removed
With -2nd-order sideband removed
With -3rd-order sideband removed
With -4th-order sideband removed

Modulation index (rad)

(c)

th
e 

ce
nt

er
 fr

eq
ue

nc
y(

M
H

z)
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Fig. 7. (Color online) Influence of the −4th, −3rd, and −2nd order
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sidebands present in the OSSB signal, there is large measure-
ment error of the phase-shift. The −4th order sideband almost
has no influence on the simulated phase-shift of the PS-FBG
because of its very low power. Although the �1st order side-
band is largely attenuated when measuring the phase-shift, the
beat note between the �1st and �2nd order sidebands still
introduces the some measurement error because the power
of the �2nd-order sideband is relatively large. Thus, in order
to obtain the accurate phase response of the DUT, such as the
PS-FBG, the −2nd or −3rd order sideband as well as the�2nd
order sideband should be removed.

4. CONCLUSIONS
A theoretical and numerical investigation on the influence of
the high-order sidebands in the OSSB signal on the measure-
ment accuracy of the OSSB-based OVNA was performed. Ana-
lytical results show that the components beat by the�1st and
�2nd order sidebands and the −3rd and −2nd order sidebands
introduce considerable measurement errors in the magnitude
and phase responses measurement. These results agree well
with the numerical simulation in which an ultra-narrowband
PS-FBG is served as the DUT. To improve the resolution of the
OSSB-based OVNA, the �2nd order sideband should be lar-
gely suppressed, while to enlarge the dynamic range of mea-
surement one of the −3rd and −2nd order sidebands should be
removed. In addition, these sidebands also introduce large
measurement errors to the measured phase response.
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