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Abstract— A broadband optoelectronic (O/E) frequency
response measurement method utilizing photonics-based fre-
guency conversion is proposed and experimentally demonstrated.
It is characterized by a sub-kilohertz frequency resolution
and a doubled measurement bandwidth compared with the
RF frequency sweeping range and the working bandwidth. A
carrier-frequency-shifted optical double-sideband (ODSB) signal
is produced by employing a dual-drive Mach-Zehnder modulator
(DD-MZM) and stimulated Brillouin scattering (SBS). Then,
a photodetector (PD) under test receives and converts the optical
signal into a photocurrent. By detecting the frequency up- and
down-conversion components generated by the two first-order
sidebands and the optical carrier, the O/E frequency responses in
the low- and high-frequency regions are achieved. After stitching
the two measured responses together, an O/E frequency response
with a frequency range that is twice the bandwidth of the
input microwave signal is obtained. In an experiment, the O/E
frequency response of a commercial high-speed PD is precisely
characterized with a frequency resolution up to 555 MHz.
A frequency bandwidth of 66.8 GHz (0.1-66.9 GHz) is achieved
by using a 25-GHz DD-MZM. The measured O/E frequency
response is coincident with that measured by a commercial
instrument.

Index Terms— Microwave photonics (MWP), optical variables
measurement, optoelectronic (O/E) frequency response measure-
ment, photonics-based frequency conversion, stimulated Brillouin
scattering (SBS).

. INTRODUCTION
ICROWAVE photonics (MWP) plays an important role
in many emerging fields, which enables radio over
fiber [1], optoelectronic (O/E) oscillator [2], fifth-generation
networks [3], and MWP radars [4], [5]. Photodetectors (PDs)
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are the essential devices to achieve optical-to-electrical con-
version in the MWP-based systems and applications. During
the design of the MWP-based systems, the O/E frequency
response of the PDs, representing optical-to-electrical conver-
sion efficiency at different frequencies, is crucial and needs to
be measured.

The O/E frequency response measurement is conventionally
achieved by all optical methods, such as the optical heterodyne
method [6], [7] and the optical pulse method [8]-{10]. The
two methods feature ultrabroad bandwidth but suffer from
low-frequency resolution and relatively complicated structures.
Restricted by the low-frequency resolution, the advanced O/E
devices for ultrahigh capacity optical communication are dif-
ficult to be fabricated, and the MWP-based technologies with
ultrahigh resolution are hard to be enabled [11]. By combining
fine microwave frequency sweeping and electrical-to-optical
conversion, electrical spectrum analysis method [12], [13]
and harmonic analysis method [14], [15] are developed
and demonstrated, which feature high-frequency resolution.
A sub-hertz frequency resolution is theoretically achievable
if an ultranarrow linewidth laser and sufficient measurement
points are employed. The electrical spectrum analysis method
requires a relatively complicated electro-optic modulation,
which not only introduces considerable nonlinearity error but
also reduces the dynamic range. By adopting the two-tone
modulation [16], the measurement accuracy together with
dynamic range can be improved. Nevertheless, the limited
working bandwidth of electro-optic modulators (EOMs) places
a restriction on the O/E measurement bandwidth. To extend
the measurement bandwidth, the harmonic analysis method
is proposed, which has a doubled measurement bandwidth
benefitting from the second harmonic component detection.
Unfortunately, due to the limited extinction ratio of the EOMs,
the optical carrier cannot be completely suppressed. The
residual optical carrier would introduce the error together with
the high-order sidebands induced by el ectro-optic nonlinearity.

In this article, an O/E frequency response measurement
method with high-frequency resolution and broad measure-
ment bandwidth is proposed and experimentally demonstrated.
In the proposed O/E frequency response measurement method,
a carrier-frequency-shifted optical double-sideband (ODSB)
signal is produced by employing a dual-drive Mach-Zehnder
modulator (DD-MZM) and stimulated Brillouin scattering
(SBS). A PD under test converts the optical signal into a
photocurrent. By detecting the generated frequency up- and
down-conversion components, the O/E frequency responses
in the low- and high-frequency regions are achieved. Then,
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Fig. 1 Schematic block diagram of the proposed O/E frequency
response measurement system. TLS: tunable laser source. OS: optical splitter.
DD-MZM: dual-drive Mach-Zehnder modulator. MZM: Mach-Zehnder mod-
ulator. EDFA: erbium-doped fiber amplifier. PD: photodetector.

by stitching the two frequency responses together, a bandwidth
doubled O/E frequency response is obtained. In an experi-
ment, a commercia high-speed PD with a 3-dB bandwidth
of 20 GHz is precisely characterized. The frequency resolution
isset to 5.55 MHz, and a measurement bandwidth of 66.8 GHz
(from 0.1 to 66.9 GHz) is achieved by using a 25-GHz
DD-MZM.

Il. ANALYTICAL ANALYSIS

The schematic block diagram of the proposed O/E fre-
guency response measurement method utilizing photonics-
based frequency conversionis shownin Fig. 1. In the proposed
method, a lightwave from a tunable laser source, serving as
an optical carrier, is divided into two parts. In the upper
branch, the optical carrier is modulated by an RF signal at
a single-drive MZM. By setting the MZM at the minimum
transmission point, a carrier-suppressed ODSB signal is pro-
duced. An erbium-doped fiber amplifier (EDFA) amplifies the
ODSB signal. The amplified ODSB signal goes to a Brillouin
medium through an optical circulator and serves as an optical
pumping signal.

In the lower branch, a frequency-fixed RF signal and a
frequency-swept RF signal are, respectively, applied to the
two arms of a DD-MZM. By balancing the powers of the
frequency-fixed and frequency-swept RF signals and properly
setting the dc bias voltage, a carrier-suppressed ODSB signal
is thus achieved, which is given by

E@) = % expliwct + i sin(wet) +i7]

4 E explioct +if sin(wet + Ap)] (1)

V2
where E; and . are, respectively, the magnitude and angular
frequency of the optical carrier. wy and we are the angular
frequencies of the frequency-fixed and the frequency-swept RF
signals, respectively, while A¢ is the initial phase difference
and g is the modulation index.
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By carefully setting the RF powers, the DD-MZM oper-
ates at a small modulation index. In this case, the high-
order sidebands induced by the modulation nonlinearity is
small enough to be ignored. According to the Jacobi—Anger
expansion, the expression of the output optical signal can be
simplified as

Ec . .
—= exp(i wct){—J-1(B) expli (wc — wo)t]

V2
— Q(B) exp[i (wc + wo)t]

+J-1(B) expli (we — we)t — i Ap]
+ J(B) expli (we + we)t +1i Ag]}

E(t) =

@)

where J.1(+) isthe 1st-order Bessel function of the first kind.
Let the angular frequency of the RF signal be equa to
the sum of wy and the Brillouin frequency shift of the
Brillouin medium. When the generated ODSB signal goes
through the Brillouin medium, the —1st- and +1st-order
sidebands generated by the frequency-fixed RF signal are,
respectively, attenuated and amplified by the SBS. Hence, a
carrier—frequency—shifted ODSB signal is obtained, which is

Ep(t) = ﬁ 2 exp(i wct) {— Alwe— o) I_1(B) expli (wc—wo)t]
— G(wc + wo) I (B) expli (we + wo)t]
+J_1(P) expli (we — we)t — i Ag]
+ Ju(B) expli (we + we)t + i Ap]} 3)

where G(w) and A(w) are the gain and absorption of the
SBS stimulated by the optical pumping signal in the upper
branch. With proper pumping power, a ratio of the gain and
absorption larger than 30 dB is achievable. Thus, the attenu-
ated —1st-order sideband is small enough to be ignored. The
expression of the carrier-frequency-shifted ODSB signal can
be simplified as

Ep(t) = f = exp(i wet) {— G (e + wo) I (B) expli (e + wo)t]

+ J_1(B) expli (e — we)t — i Ap]

+ J1(B) expli (we + we)t +i Ap]}. 4

A PD under test converts the carrier-frequency-shifted
ODSB signal into a photocurrent, wherein the frequency
down- and up-conversion components carry the O/E frequency
responses in the low- and high-frequency regions, respec-
tively. The electrical fields of the two components can be
expressed by

2

i (wo — we) = —R(wo — we) == G(CUC + wo) Jl (P) exp(—i Ap)
)
EZ
i (w0 + we) = —R(wo + we) —- G(wc + w0) IF(B) exp(i Ap)
(6)

where R(w) is the O/E frequency response of the PD under
test.

When the frequency-swept RF signal is suspended,
the power of the frequency-shifted carrier can be measured
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by an optical power meter, which is

Eg 2 2
Pc= ?G (¢ + wO)Jl A). (7)

Similarly, the opticad power of the frequency-swept
+1st- and —1st-order sidebands can be obtained when the
frequency-fixed RF signal is switched OFF

Py = EZIE (). ©)

According to (5)—8), the O/E frequency responses can be
achieved, which can be expressed by

\/z“ (w0 — we)|
VPePi1
\/z“ (w0 + we)|

VPP

When sweeping we from dc to wo, the O/E frequency
responses over dc ~ wp and wp ~2wg are obtained according
to (9) and (10). By stitching the two O/E frequency responses
together, the O/E frequency response with a measurement
bandwidth of 2wy is thus achieved, which is twice the sweep-
ing range of the frequency-swept RF signal and the bandwidth
of the EOM. It is worth noting that the measurement system is
insensitive to the nonlinearity of the EOM. One reason is that
the desired frequency up- and down-conversion components
are only achieved by the two first-order sidebands and the
frequency-shifted carrier. It is because the two RF signals
are, respectively, modulated on the optical carrier and no
high-order intermodulation sideband is generated. Another
reason is that the measurement error induced by the high-order
sidebandsis small enough to be ignored due to the suppression
of the even-order sidebands.

€)

R(wo — we) =

R(wo + we) = (10)

I1l. EXPERIMENT AND DISCUSSION

An O/E freguency response measurement system based on
the schematic block diagram shown in Fig. 1 is established,
and an experiment is conducted. A 1550-nm lightwave pro-
duced by a narrow-linewidth laser (TeraXion PS-NLL-1550)
is split into two branches. In the upper branch, an RF source
(Agilent E8257D) provides a frequency-swept RF signal, and
a single-drive 40-Gbps MZM (Fujitsu FTM7938EZ) biased
at the minimum transmission point by using a modulator
bias controller (PlugTech) serves as an EOM. An EDFA
produced by Amonics Inc. amplifies the optical signal. In the
lower branch, a four-port vector network analyzer (VNA,
R&S ZVAG67) produces a frequency-fixed RF signal and
a frequency-swept RF signal, which are then injected into
the two RF input ports of a 40-Gbps DD-MZM (Fujitsu
FTM7937EZ) with a proper dc bias, respectively. A 20-
km single-mode fiber (SMF) is used as the SBS medium.
A commercia high-power PD owning a 3-dB working band-
width of 20 GHz (Discovery Semiconductors Inc. DSC40S)
is served as the device under test. The VNA receives the
frequency up- and down-conversion components and then
extracts the magnitude information. An optical multiport
power meter (Agilent N7744A) measures the optical powers
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Fig. 2. Optical spectra of the carrier-suppressed and the carrier-
frequency-shifted ODSB signals.

of the frequency-swept first-order sidebands at different fre-
guencies and the frequency-shifted optical carrier. An opti-
cal spectrum analyzer (OSA, Yokogawa AQ6370C) monitors
and records the optical spectra with a frequency resolution
of 1.6 pm.

Fig. 2 shows the optical spectra of the carrier-suppressed
ODSB signal and the carrier-frequency-shifted ODSB sig-
nal achieved by the SBS processing. The frequency of the
frequency-fixed RF signal is set to 33.5 GHz, which is half
of the measurement bandwidth limited by the bandwidth
of the VNA. The frequency-swept RF signal is set to a
fixed frequency of 10 GHz. The two RF signals have an
equal power of 7 dBm, so that the original optical carrier
is suppressed by applying a proper dc bias voltage. The
generated carrier-suppressed ODSB signal is represented by
the blue dashed line in Fig. 2. By setting the frequency
spacing of the two frequency-swept RF signals in the upper
and low branches exactly equal to the Brillouin frequency
shift of the 20-km SMF (e.g., 10.67 GHz in the experi-
ment), a carrier-frequency-shifted ODSB signal is achieved,
as represented by the red solid line in Fig. 2. Considering
17.29-dB gain and 22.87-dB attenuation of the SBS in the
SMF, the amplified +1st-order sideband is 40.16-dB larger
than the —1st-order sideband. Due to the limited extinction
ratio of the MZM (typ. ~20 dB), the original optical carrier
is incompletely suppressed, which is 10.14 and 24.49 dB
smaller than the two frequency-swept first-order sidebands
and the frequency-shifted carrier. In the optical power mea-
surement, the residual original carrier introduces 4.85% and
0.36% errors, which results in a 2.58% error in the measured
response. The measurement error can be greatly reduced, if a
high-extinction-ratio MZM is used. It should be noted that the
optical pumping signal introduces the Rayleigh backscattering
and Brillouin backscattering in the SBS processing. Fortu-
nately, the backscattering signals introduce no error in the
desired components and 0.19% error in the frequency-shifted
carrier power measurement due to the relatively small
powers.

Fig. 3 shows the measured O/E frequency responses of
the commercial high-speed PD by the proposed measure-
ment method and a commercial instrument. As can be seen
from Fig. 3(a), by detecting the frequency down-conversion
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Fig. 3. (a) O/E frequency responses measured by the proposed method
and the commercia instrument. (b) Zoomed-in view of the O/E frequency
responses.

component, the O/E frequency response from 0.1 to 33.4 GHz
(blue lines) is obtained. Since there are 6001 measurement
points in a frequency sweeping range of 33.3 GHz, the fre-
guency resolution is 5.55 MHz. A sub-kilohertz resolution is
potentially available in theory if a sub-hertz-linewidth laser
source is employed and sufficient measurement points are
adopted. Similarly, the O/E frequency response from 33.6 to
66.9 GHz (green line) with afrequency resolution of 5.55 MHz
is achieved by detecting the frequency up-conversion compo-
nent. Benefitting from the accurate frequency of the microwave
signal, the two measured responses are precisely stitched,
and an O/E frequency response with a doubled measurement
bandwidth of 66.8 GHz (from 0.1 to 66.9 GHz) is obtained.

As a comparison, the O/E frequency response obtained
by the lightwave component analyzer (Keysight N4373D) is
represented by red linesin Fig. 3. The O/E frequency response
achieved by the proposed method is coincident with that
measured by the commercia instrument. The two measured
O/E fregquency responses have the same up and down in the
low-frequency region shown in Fig. 3(b). The dight difference
within £0.65 dB can be observed between the responses
measured by the two methods, because the relative O/E
measurement uncertainty of the lightwave component analyzer
at 1550 nm is +0.8 dB [17] and the measurement accuracy
of the VNA used in the experiment is +0.3 dB. At high
frequencies beyond 35 GHz, the proposed method has a better
noise performance than the commercial instrument. As can be
seen, an optical-to-electrical conversion loss up to 70 dB is
measurable. Considering the ~20-dB gain, a dynamic range
as large as 90 dB is achievable. It is worth mentioning that,
by increasing the RF powers, the noise performance and the
dynamic range can be further improved.
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IV. CONCLUSION

In conclusion, an O/E frequency response measurement
method utilizing photonics-based frequency conversion is
proposed and experimentally demonstrated. The proposed
measurement method is attractive by its high-frequency res-
olution and doubled measurement bandwidth. In the exper-
iment, the commercial high-speed PD is characterized. The
O/E frequency response in a bandwidth of 66.8 GHz (from
0.1 to 66.9 GHz) is obtained by using a 25-GHz DD-MZM.
The measurement result coincides with that measured by the
commercial instrument.
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