
1952 JOURNAL OF LIGHTWAVE TECHNOLOGY, VOL. 35, NO. 10, MAY 15, 2017

Self-Calibrated Microwave Characterization of
High-Speed Optoelectronic Devices by

Heterodyne Spectrum Mapping
Shangjian Zhang, Member, IEEE, Chong Zhang, Heng Wang, Xinhai Zou, Yali Zhang,

Yong Liu, Senior Member, IEEE, and John E. Bowers, Fellow, IEEE

Abstract—A four-in-one electrical method is proposed based
on heterodyne spectrum mapping for self-calibrated frequency
response measurements of high-speed semiconductor laser
diodes, Mach–Zehnder modulators, phase modulators, and pho-
todetectors with a shared self-heterodyne interferometer. The
self-heterodyne interferometer provides mapping of the desired
optical spectrum components from the optical domain to electri-
cal domain, and allows indirect but self-calibrated measurement
of these optical spectra in the electrical domain. Frequency re-
sponses including modulation index of semiconductor laser diodes,
half-wave voltage and chirp parameter of Mach–Zehnder mod-
ulators, half-wave voltage of phase modulators, and responsivity
of photodetectors are experimentally extracted with this method,
and compared to the results obtained with conventional methods
for accuracy.

Index Terms—Electro-optic modulators, frequency response,
microwave photonics, optical mixing, photodetectors, semiconduc-
tor lasers.

I. INTRODUCTION

H IGH-SPEED optoelectronic devices like semiconductor
laser diodes (LDs), optical modulators (MODs) and pho-

todetectors (PDs) play essential roles in optical fiber commu-
nication or radio-over-fiber (ROF) systems. ROF techniques
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combine the benefits of optical and wireless communication,
including large fiber bandwidth, low fiber attenuation, low com-
plexity, and lower cost, etc., which are very promising for satel-
lite communications, mobile radio communications, broadband
access, mobile broadband system and wireless LAN [1], [2].
In this applications, high-frequency modulation characteristics
of LDs, MODs and PDs are critical to the precise electrical-to-
optical or optical-to-electrical signal conversion, especially for
wideband microwave applications [1]–[3].

A number of optical or electrical methods have been de-
veloped for measuring the frequency response of high-speed
LDs or MODs, such as the optical spectrum analysis method
[4]–[7], the swept frequency method [8]–[10], and the optical
down-conversion method [11]. Approaches for measuring the
frequency response of PDs include such as the pulse excita-
tion method [12], [13], the intensity noise method [14], [15],
the swept frequency method [8], [9], the harmonics analysis
method [16]–[18], and the optical heterodyne method [19]–
[22]. The optical method involves analyzing optical spectrum of
modulated optical signals for measuring MODs with an optical
spectrum analyzer (OSA), which was initially demonstrated for
half-wave voltage measurement of Mach-Zehnder modulators
(MZMs) and phase modulators (PMs) and later extended to di-
rectly modulated LDs [23], [24]. This method enables direct and
calibration-free measurement of absolute frequency responses
for LDs, MZMs and PMs in the optical domain. However, it is
difficult to operate at the lower frequency regime (below GHz),
due to the resolution of grating-based OSAs (about 0.01 nm
at 1550 nm). The resolution could be improved by using a
Brillouin-based OSA or a heterodyne-based OSA, nevertheless,
it is hard to eliminate the linewidth effect of optical source,
since the modulated optical spectrum depends on both the
optical source and optical modulator. On the other hand, the opti-
cal methods for measuring PDs provide microwave-component-
free optical stimulus. The intensity noise method generates an
ultra-wideband optical stimulus based on the amplified sponta-
neous emission (ASE) beat noise; however it suffers from low
frequency stability and poor signal-to-noise ratio (SNR) [22].
The optical heterodyne method is based on wavelength beat-
ing of a single or two tunable lasers, nevertheless, the resultant
broadened linewidth and fluctuated power requires careful cal-
ibration [21], especially when high-resolution characterization
is involved.
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For high-resolution measurement, considerable effort has be-
ing consequently directed to the electrical domain, in which the
swept frequency method is widely used for relative frequency
response measurement of LDs, MODs and PDs with the help of
a vector network analyzer (VNA) or a lightwave component an-
alyzer (LCA) [9]. The VNA-based method requires a wideband
calibrated PD to characterize a LD or a MOD under test, or a
wideband calibrated MZM to characterize a PD under test, and
so it relies on de-embedding the assistant PD or MOD, since
the measured total frequency response depends on both the test
device and the assistant device. An improved swept frequency
method was proposed for simplifying the calibration by using an
electro-absorption modulator (EAM), in which the same EAM
is assumed to feature identical responsivity when used as a MOD
and a PD [10], which is not always valid. A major difficulty of
the VNA-based method lies in the requirement of absolute re-
sponsivity of the assistant device, if absolute frequency response
of the test device is needed. As we know, the absolute frequency
response is more comprehensive than a relative one, since it
reflects not only the relative change of modulation efficiency
but also the modulation efficiency itself. Note that the relative
frequency response can be easily obtained from the absolute
one, but not vice versa. So, electrical methods that are capa-
ble of absolute frequency response measurement for opto-
electronic devices with high resolution, and free of any extra
calibration for the assistant devices are of great importance.

Recently, we demonstrated an electrical method for mea-
suring the frequency response of PMs and PDs, respectively
[25]–[27], by using optical frequency shifting and two-tone
modulation, which eliminates correcting the responsivity fluc-
tuation of assistant devices though a closely spaced two-tone
modulation. In this paper, we proposed a four-in-one method
based on heterodyne spectrum mapping for self-calibrated fre-
quency response measurements of high-speed optoelectronic
devices with a shared self-heterodyne interferometer. The in-
terferometer consists of a LD, a MZM, a PM and a PD as
well as a frequency shifter (FS), with which the desired op-
tical carrier and sideband are mapped from optical domain to
electrical domain, allowing to equivalently observe these opti-
cal spectrum lines in the electrical domain. We report for the
first time a self-calibrated electrical method for measuring the
absolute frequency responses for a LD, a MZM, a PM, and a
PD with a single test setup, and calibration-free simultaneous
measurement of modulation index, half-wave voltage and chirp
parameter of a MZM by using electrical domain technique. A
theoretical description is presented to fully explain our method
as well as the experimental demonstration. Frequency responses
including the modulation index of LDs, modulation index, half-
wave voltage and chirp parameter of MZMs, modulation index
and half-wave voltage of PMs, and responsivity of PDs are
experimental measured, and the results are compared to those
obtained using the conventional optical method to check the
consistency and accuracy.

II. THEORETICAL DESCRIPTION

As shown in Fig. 1, the self-heterodyne interferometer con-
sists of a LD, a MZM, a PM, a PD and a FS, where the MZM

is located in the upper branch and the PM is located in the
lower branch together with the FS. The interferometer is oper-
ated with the optical carrier at the frequency fc from the LD
and driven by two microwave signals υ1(t) = V1sin(2πf1t)
and υ2(t) = V2sin(2πf2t). In the cases of MZM, PM and PD
under test, the microwave signals are applied on MZM and PM,
respectively, while in the case of LD under test, the microwave
signals are applied on LD and PM, respectively. The output op-
tical signal is collected by the PD and analyzed by an electrical
spectrum analyzer (ESA).

In the upper branch of interferometer, the optical signal after
MZM can be written as

Ez (t) = ej2πfc t
[
ejm z 1 sin(2πf1 t) + γejm z 2 sin(2πf1 t)+jϕ

]
(1)

wheremzi (i = 1, 2) are the modulation index corresponding to
the upper or lower arm of the MZM,ϕ is the bias phase of MZM,
and the asymmetric factor γ (0 ≤ γ ≤ 1) is splitting ratio of the
two arms of MZM accounting for the infinite or finite ER (in dB)
by ER = 20 ∗ Log10 [(1 + γ)/(1 − γ)]. The modulation index
and asymmetric factor of MZM can be determined from the
conventional optical spectrum analysis by [5]

J1 (mzi)
J0 (mzi)

=

√
I0 (fc + f1) − (−1)i

√
Iπ (fc + f1)√

I0 (fc) − (−1)i
√
Iπ (fc)

, (i = 1, 2)

(2a)

γ =
J0 (mz1)
J0 (mz2)

·
[√

I0 (fc) −
√
Iπ (fc)

]
[√

I0 (fc) +
√
Iπ (fc)

] . (2b)

where I(f) is the optical spectrum power at frequency f, and the
subscripts 0 and π denote the cases of bias phase ϕ = 0 or π.

In the lower branch of interferometer, the optical signal after
PM can be written by

Ep (t) = ej2π (fc +fs )tejmp sin(2πf2 t) (3)

with the frequency fs of FS. The modulation index mp of PM
can also be determined from optical spectrum analysis by [4]

J1 (mp)
J0 (mp)

=

√
I (fc + fs + f2)
I (fc + fs)

(4)

The intensity and phase modulated signal are combined and
the generated photocurrent after PD can be accordingly written
with the help of Jacobi-Anger expansion as [28]

iϕ (t) /R = [1 + ξ (t)]
∣∣Ez (t) + ηEp (t) ejψ

∣∣2 = [1 + ξ (t)]

·

⎧
⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎩

1 + γ2 + η2 + 2γ
∑+∞

k=−∞ Jk (mz1 −mz2)

× cos (2πkf1t− ϕ) + 2η · ∑+∞
k=−∞

∑+∞
n=−∞

[
J2
k (mz1)

+ 2γJk (mz1) Jk (mz2) cosϕ+ γ2J2
k (mz2)

]1/2

·Jn (mp) cos (2πkf1t− 2πnf2t− 2πfst− ψ)

⎫
⎪⎪⎪⎪⎪⎬
⎪⎪⎪⎪⎪⎭

(5)

with the responsivity R of PD, the microwave modulation
signal ξ(t) of LD, the relative amplitude η (0 ≤ η ≤ 1) and
phase ψ of the two branches of interferometer, the kth and
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Fig. 1. Schematic setup of the proposed self-calibrated frequency response measurement method. LD, Laser diode, FS, Frequency shifter, MZM, Mach-Zehnder
modulator, PM, Phase modulator, PD, Photodetector, PC, Polarization controller, ESA, Electrical spectrum analyzer, MS, Microwave source. The insets show the
equivalent spectrum mapping from optical domain to electrical domain for every device under test.

nth-order Bessel function Jk (·) and Jn (·) of the first kind
(k, n = 0, ±1, ±2, . . .).

A. MZM and PM Cases

In the measurement of MZM and PM, the LD works as a
continuous-wave optical source (i.e. ξ(t) = 0), while the MZM
and the PM are modulated by the microwave signals at the
frequencies f1 and f2 , respectively. The electrical frequency
components at kf1 − nf2 ± fs can be quantified as following

iϕ (kf1 ± nf2 ± fs) = 2η ·R (kf1 ± nf2 ± fs) · Jn (mp)

· [J2
k (mz1) + 2γJk (mz1) Jk (mz2) cosϕ+ γ2J2

k (mz2)
]1/2

(6)

In the case of MZM under test (DUT-1), the microwave fre-
quency f1 on the MZM is set close to twice of the microwave fre-
quency f2 on the PM (f1 ≈ 2f2 >> fs), so that the assumption
on the responsivity R(f1 − f2 ± fs) ≈ R(f2 ± fs) is satisfied.
Thus, the modulation index and asymmetric factor of MZM can
be extracted from

Hz (mzi ) =
J1 (mzi)
J0 (mzi)

=
i0 (fs)

i0 (f2 ± fs)

·
[
i0 (f1 − f2 ± fs) − (−1)i iπ (f1 − f2 ± fs)

]
[
i0 (fs) − (−1)i iπ (fs)

] , (i = 1, 2)

(7a)

and

γ =
J0 (mz1)
J0 (mz2)

· [i0 (fs) − iπ (fs)]
[i0 (fs) + iπ (fs)]

. (7b)

The half-wave voltage and intrinsic chirp parameter of MZM
can be accordingly solved by

V z
π =

πV1

mz1 −mz2
(8a)

α =
mz1 + γ2mz2

γ (mz1 −mz2)
(8b)

In the case of PM under test (DUT-2), the microwave
frequency f2 on the PM is set close to twice of the microwave
frequency f1 on the MZM (f2 ≈ 2f1 >> fs) so that the
assumption of R(f2 − f1 ± fs) ≈ R(f1 ± fs) holds. So,
the modulation index and half-wave voltage of PM can be
determined by

Hp (mp) =
J1 (mp)
J0 (mp)

=
iϕ (f2 − f1 ± fs)
iϕ (f1 ± fs)

(9a)

V p
π =

πV2

mp
. (9b)

From (2a), (2b), (7a) and (7b), the optical carrier at fc and op-
tical sideband fc + f1 are linearly mapped to electrical domain
at frequencies f2 ± fs and f1 − f2 ± fs , respectively, by setting
the two microwave signals as f1 ≈ 2f2 . From (4) and (9a), the
optical carrier at fc + fs and optical carrier at fc + fs + f1 , are
equivalently mapped to electrical domain at frequencies f1 ± fs
and f2 − f1 ± fs , respectively, by setting the two microwave
signals as f2 ≈ 2f1 . Therefore, our method provides an equiv-
alent electrical measurement of the desired optical carrier and
intensity or phase modulated sideband in the electrical domain
though the self-heterodyne spectrum mapping, and at the same
time eliminates correcting responsivity fluctuation of the assis-
tant devices by specially choosing the frequency relationship of
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two driving microwave signals. It is worthy noticing that our
method allows the extraction of frequency response of MZM or
PM at f1 or f2 from the desired electrical components at about
f1/2 or f2/2, indicating the halved bandwidth requirement for
the assistant devices. Moreover, our method works for the MZM
with any ER, due to the inclusion of asymmetric factor for the
infinite or finite ER of MZM.

B. PD Case

In the case of PD under test (DUT-3), the electrical compo-
nents at f1 ± f2 ± fs , are investigated, which comes from sum-
and-difference frequency of two pairs of optical intensity and
phase modulated sidebands. As we know, each pair of optical
sideband will keep equalized in optical domain, and their am-
plitude difference in the electrical domain only depends on the
frequency response of PD, which can be seen from the common
factor in (6) as 2ηJ1(mp)[J2

1 (mz1) + 2J1(mz1)J1(mz2)cosϕ
+ γ2J2

1 (mz2)]1/2 . In the measurement, the microwave fre-
quency f1 on MZM is set close to the microwave frequency f2
on PM (f1 ≈ f2 >> fs) and the lowest frequency f1 − f2 ± fs
is fixed and close to DC. The responsivity of PD can be deter-
mined from the relative amplitude at f1 + f2 ± fs with respect
to that at f1 − f2 ± fs by

Rf =
R (f1 + f2 ± fs)
R (f1 − f2 ± fs)

=
iϕ (f1 + f2 ± fs)
iϕ (f1 − f2 ± fs)

. (10)

As the responsivity of the assistant MZM and PM is cancelled
out, the frequency response of PD is self-calibrated measured in
the electrical domain. It is noted that the desired heterodyning
signals at f1 ± f2 ± fs hold a frequency span of about 2f1 or
2f2 , indicating the doubled measuring frequency range.

C. LD Case

In the case of LD under test (DUT-4), the LD and PM are
driven by the microwave signals at the frequency f1 and f2 ,
respectively, while the MZM is only biased with an appropriate
DC voltage. In this case, the detected heterodyne signal after
PD can be reorganized with the help of Jacobi-Anger expansion
as [28]

iϕ (t) /R = [1 + μl cos (2πf1t)]

·
{

1 + γ2 + η2 + 2γ cosϕ+ 2η
(
1 + 2γ cosϕ+ γ2

)1/2

·∑+∞
n=−∞ Jn (mp) cos [2π (nf2 + fs) t+ ψ − ϕx ]

}

(11a)

with

ϕx = arctan

(
γ sinϕ

1 + γ sinϕ

)
, (11b)

the modulation index μl of LD at f1 . From (11a), the desired
electrical components can be quantified in the frequency domain
as following

iϕ (nf2 ± fs)

= 2η ·R (nf2 ± fs)
(
1 + 2γ cosϕ+ γ2)1/2

Jn (mp) (12a)

and

iϕ (f1 ± nf2 ± fs)

= ημl ·R (f1 ± nf2 ± fs)
(
1 + 2γ cosϕ+ γ2)1/2

Jn (mp)
(12b)

The optical carrier at fc and sideband at fc + f1 of LD are
mapped into electrical domain at f2 ± fs and f1 − f2 ± fs ,
respectively. For a self-calibrated measurement of LD, the mi-
crowave frequency f1 is set close to twice of f2 (f1 ≈ 2f2 >>
fs) so that the termR(f1 − f2 ± fs) in (12a) can be considered
equal to the term R(f2 ± fs) in (12b), and thus the modulation
index μl of LD can be extracted by

μl = 2
iϕ (f1 − f2 ± fs)
iϕ (f2 ± fs)

. (13)

From (13), the modulation index μl at f1 is equivalently
measured from the amplitude ratio between the desired elec-
trical components at the frequencies f2 ± fs and f1 − f2 ± fs
(≈ f1/2), so our method halves bandwidth requirement for the
assistant PM and PD.

From (5), (7)–(13), frequency responses of the MZM, PM, PD
and LD can be independently measured with the self-heterodyne
interferometer based on the heterodyne spectrum mapping, and
the influence from other devices besides DUT is fully cancelled
out by carefully choosing the frequency relationship between
the two driving microwave signals. In the cases of MZM, PM
and LD as DUT, the frequency response at f1 or f2 are extracted
from the electrical spectra components at around f1/2 or f2/2,
while in the case of PD as DUT, the frequency response at about
f1 + f2 is obtained with two driving microwave signal at f1 and
f2 , verifying the halved bandwidth requirement or the doubled
measuring frequency range for the assistant devices. It is worthy
noticing that our measurement is independent on the amplitude
unbalance η and phase difference ψ of the self-heterodyne in-
terferometer. The asymmetric factor γ and the phase bias ϕ of
MZM will introduce same effect on the desired electrical com-
ponents and will have little influence on the measured results.
It is also noted that the phases of the two microwave signals
will not affect the spectrum amplitudes of the desired electrical
components, so it is not necessary to keep the two microwave
signals synchronized, which makes the measurement simpler.

III. EXPERIMENTAL DEMONSTRATION

In the experiment, the optical carrier from a 1550 nm semicon-
ductor LD is modulated by a LiNbO3 MZM in the upper branch
of interferometer. The same optical carrier is frequency-shifted
by fs = 70 MHz with an acousto-optic FS (CETC YSG70)
and then modulated by a PM in the lower branch of interferom-
eter. The LD with a threshold current of 13.2 mA is biased at
30.2 mA with an output optical power of 1.5 mW. The MZM
and PM are driven by two microwave sources (MS1, R&S SMB
100A; MS2, HP86320A), respectively. The output optical signal
is detected by a PD and analyzed by an ESA (R&S FSU50). For
an automatically swept measurement, the MS and ESA are con-
trolled by a computer via NI-VISA bus. A MATLAB program
is used to set the two MSs and acquire data from the ESA. For
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a better efficiency, two polarization controllers are used to align
the polarization between two branches of interferometer. In or-
der to reduce the residual reflection as much as possible, all the
optical components are connected with angle polished (APC)
finishes. It is noteworthy that the modulated signals in the upper
or lower branch of interferometer are partially monitored by an
OSA (YOKOGAWA AQ6370C) for the accuracy comparison.

In the MZM measurement, the driving microwave frequen-
cies are set as f1 = 2f2 + 0.02 (GHz). The desired bias phases
ϕ = 0 or π are achieved by changing the applied bias volt-
age of MZM, where the maximum amplitude of i(fs) denotes
the case of ϕ = 0, and the minimum amplitude of i(fs) de-
notes the case of ϕ = π according to (6). Fig. 2(a) and (b)
show typical heterodyne electrical spectra for ϕ = 0 and π,
respectively. In the case of f1 = 16 GHz, f2 = 7.99 GHz and
fs = 70 MHz, the desired frequency components of 70 MHz
(fs), 7.92 GHz (f2 − fs) and 7.94 GHz (f1 − f2 − fs) are mea-
sured to be –14.91 dBm, –26.67 dBm and –57.93 dBm, respec-
tively, for ϕ = 0. And the desired frequency components of 70
MHz (fs), 7.92 GHz (f2 − fs) and 7.94 GHz (f1 − f2 − fs) are
measured to be −27.89 dBm, −39.66 dBm and −49.72 dBm,
respectively, for ϕ = π. Therefore, the modulation index and
asymmetric factor are determined to be mz1 = 0.147, mz2 =
−0.121 and γ = 0.631 based on (7a) and (7b), which corre-
sponds to an intrinsic chirp parameter of 0.584 and a half-wave
voltage of 8.91 V at 16 GHz based on (8a) and (8b). In our
measurement, the ER of MZM is determined to be 12.91 dB by
the obtained asymmetric factor γ of 0.631. It is noteworthy that
the measured frequency response at 16 GHz are extracted from
the desired frequency components at about 8 GHz (7.92 GHz
and 7.94 GHz), verifying the halved bandwidth requirement for
the assistant PM and PD. The modulation index, half-wave volt-
ages and chirp parameters are measured at different frequencies
and illustrated as a function of frequency in Fig. 3(a) and (b).

In the PM measurement, the two microwave frequencies
are set as f2 = 2f1 + 0.02 (GHz). Fig. 4(a) shows several
heterodyne electrical spectra emphasizing on the desired fre-
quency components at f1 − fs and f2 − f1 − fs . For example,
in the case of f1 = 5.99 GHz and f2 = 12 GHz, the mod-
ulation index and half-wave voltage of PM are solved to be
mp = 0.359 rad and V p

π = 7.80 V at f1 = 12 GHz, respec-
tively, from the power ratio of –14.77 dB between electrical com-
ponents at 5.92 GHz (f1 − fs) and 5.94 GHz (f2 − f1 − fs).
The modulated index and half-wave voltage of PM at different
frequencies are also measured and shown in Fig. 4(b).

In the PD measurement, the driving frequencies are set by
f1 = f2 + 0.1 (GHz). Fig. 5(a) shows the heterodyne electrical
spectra emphasizing on the desired frequency components at
frequencies f1 ± f2 − fs . For instance, in the case of f1 =
6 GHz and f2 = 5.9 GHz, the electrical powers at 11.83 GHz
(f1 + f2 − fs) is 5.02 dB lower than those at 30 MHz (f1 −
f2 − fs), and the frequency response Rf of PD are determined
to be −5.02 dB at 11.83 GHz with respect to 30 MHz. The
measurement can be easily swept to other frequency by simply
changing the frequencies of two MS, and the frequency response
of PD up to 20 GHz with respect to 30 MHz can be obtained, as
shown in Fig. 5(b).

In the LD measurement, the two driving microwave fre-
quencies are set as f1 = 2f2 + 0.02 (GHz). Fig. 6(a) shows
typical heterodyne electrical spectra emphasizing on the de-
sired components at f1 − f2 − fs and f2 − fs . For exam-
ple, the desired frequency components are measured to be
−35.39 dBm at 5.92 GHz (f2 − fs) and −65.54 dBm at
5.94 GHz (f1 − f2 − fs), respectively, in the case of f1 =
12 GHz and f2 = 5.99 GHz, from which the heterodyne ra-
tio is determined to be −30.17 dB. Therefore, the modulation
index of LD at 12 GHz is solved to be 0.062 (μl) or −24.15 dB
(20 × Log10μl). The measurement is swept to other frequen-
cies, and the frequency-dependent modulation index is deter-
mined based on (13), as is shown in Fig. 6(b).

In the cases of MZM, PM and LD under test, the frequency
responses are also measured by using conventional OSA-
based method under the same driving level, and shown in
Figs. 3(a), (b), 4(b) and 6(b) for comparison, where the
lower measurable frequency of ∼4 GHz (PM and LD cases)
or ∼10 GHz (MZM case) is limited by the resolution
of OSA, since the best resolving wavelength (0.01 nm)
can be achieved only when the two closed wavelengths
are with the same amplitude according to Rayleigh Cri-
terion [25]. However, in our measurements, the desired
optical spectra components are not with the same ampli-
tude but a relative amplitude of [J2

1 (mz1) + 2J1(mz1)J1
(mz2)cosϕ± γ2J2

1 (mz2)]1/2/[J2
0 (mz1) + 2J0(mz1)J0(mz2)

cosϕ± γ2J2
0 (mz2)]1/2 (MZM case) or J1(mp)/J0(mp) (PM

case) or 2ul (LD case), which explains why the best resolution
cannot be guaranteed and the lower measurable frequency of
optical spectrum analysis has to start from ∼4 GHz or 10 GHz
instead of ∼1.2 GHz (0.01 nm). Nevertheless, the good agree-
ment between the measurable results indicates the equivalent
spectra mapping from the optical domain to electrical domain,
and our method does eliminate correcting the responsivity
fluctuation of assistant devices, since the OSA method does
not involve any assistant device. In the case of PD under test,
our measured results are also compared to those obtained using
the ASE method as well as the data provided by manufacturer,
as shown in Fig. 5(b). All the measured results are in good
agreement and coincide with the manufacturer data, verifying
the self-calibrated frequency response measurement of PD.

The main limit, we think, comes from the SNR of the de-
sired heterodyne electrical signals in our measurement. For the
accuracy, it is practically recommended to know the band-
width of the assistant devices before measurement. For ex-
ample, if the measuring frequency range is 20 GHz for a
MZM, it would be better to choose the assistant PM and PD
with a bandwidth of beyond 10 GHz. Thanks to the self-
calibration, the noise introduced by the 50 Ohm electrical ports
can be cancelled when measuring the modulation index of
MZM and PM. However, the noise will affect the accuracy
of the half-wave voltage, because it will affect the measurement
accuracy of the driving voltage and therefore the half-wave
voltage of the modulator under test. If a device with unnegli-
gible impedance mismatch is under test, the microwave driv-
ing voltage should be determined by taking into account the
mismatch.
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Fig. 2. Measured heterodyne spectra emphasized on the desired frequency components when (a) ϕ = 0 and (b) ϕ = π , in the case of MZM under test.

Fig. 3. (a) Modulation index and (b) half-wave voltage and chirp parameter measured with our method (solid lines) and with OSA method (open circles).

Fig. 4. Measured (a) electrical spectra emphasized on the desired frequency components, and (b) modulation index and half-wave voltage, in the case of PM
under test, where the open circles represent the results with OSA method.
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Fig. 5. Measured (a) electrical spectra emphasized on the desired frequency components, and (b) frequency response in the case of PD under test, where the
results with ASE method (blue lines) and data from manufacturer (open circles) are included for comparison.

Fig. 6. Measured (a) electrical spectra emphasized on the desired frequency components, and (b) frequency response in the case of PD under test, where the
results with ASE method (blue lines) and data from manufacturer (open circles) are included for comparison.

IV. MEASUREMENT UNCERTAINTY

For the accuracy, we investigate the measurement uncertainty
for every DUT. In our experiment, the uncertainty mainly comes
from the error of electrical spectrum measurement, since our
method is based on the electrical spectra analysis of heterodyne
signals. Meanwhile, the uncertainty is also resulted by the as-
sumption of R(f1 − f2 − fs) ≈ R(f2 − fs) in the case of the
MZM, PM and LD under test.

In the MZM measurement, the error dependence of modula-
tion index mzi (i = 1, 2) on the heterodyning ratio Hz can be
derived from the total derivative of (7a) or (7b), given by

δmzi/mzi = Fz · δHz/Hz = Fz

·

⎡
⎢⎢⎣

δi0 (fs)
i0 (fs)

+
δi0 (f1 − f2 − fs)
i0 (f1 − f2 − fs)

− r1
1 + r1

δr1
r1

+
r2

1 + r2

δr2
r2

−δi0 (f2 − fs)
i0 (f2 − fs)

+
R (f1 − f2 − fs) −R (f2 − fs)

R (f2 − fs)

⎤
⎥⎥⎦

(14a)

with

Fz =
1

mzi

[
J1 (m z i )
J0 (m z i )

+ J0 (m z i )−J2 (m z i )
2J1 (m z i )

] , (i = 1, 2) (14b)

and

r1 =
∣∣∣∣
iπ (fs)
i0 (fs)

∣∣∣∣ , r2 =
∣∣∣∣
iπ (f1 − f2 ± fs)
i0 (f1 − f2 ± fs)

∣∣∣∣ (14c)

with the error transfer factor Fz , the amplitude ratio factor r1
and r2 . For an error transfer factor smaller than 1, the uncer-
tainty of modulation index will be less than that of hetero-
dyning ratio, whereas for an error transfer factor larger than
1, the uncertainty of modulation index will be amplified and
larger than that of heterodyning ratio. As is shown in Fig.
7, the error transfer factor Fz is less than 1, while the am-
plitude factor r1/(1 + r1) is less than 0.2 and r2/(1 + r2)
is less than 0.9 within the measuring frequency range. Ac-
cording to the specification of ESA, the measured electrical
power has an uncertainty of less than 0.1 dB, corresponding
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Fig. 7. Error transfer factor, amplitude ratio factor and the measurement error
of modulation index mzi at different modulation frequencies in the cases of
MZM and PM under test.

to a relative error of 1.15% (= (10.∧(0.1/20) − 1) × 100%)
for a single electrical amplitude measurement. According to
the specification of PD, the response difference within the 20
MHz frequency difference is no more than 0.15 dB, corre-
sponding to an additional error of 1.74% (= (10.∧(0.15/20) −
1) × 100%) for every heterodyne ratio. Therefore, the mea-
sured heterodyning ratio Hz is estimated to have a total error
of less than 7.72% (= 1.15% × 2 × 0.2 + 1.15% × 2 × 0.9 +
1.15% × 3 + 1.74%), indicating a relative error of less than
7.72% delivered to the measured modulation index in the worst
case. Besides, the measurement uncertainty as a function of
modulation frequency is also included in Fig. 7 for reference.

In the PM measurement, the error dependence of modulation
index on the heterodyning ratio Hp can be written as

δmp/mp = Fp ·Hp/Hp

= Fp ·
[
δiϕ (f2 − f1 − fs)
iϕ (f2 − f1 − fs)

− δiϕ (f2 − fs)
iϕ (f2 − fs)

+
R (f1 − f2 − fs) −R (f2 − fs)

R (f2 − fs)

]
(15a)

with

Fp =
1

mp

[
J1 (mp )
J0 (mp ) + J0 (mp )−J2 (mp )

2J1 (mp )

] (15b)

As shown in Fig. 7, the error transfer factor Fp is less
than 1 within the measuring frequency range, and the error
of the measured modulation index will be less than that of
the measured heterodyning ratio Hp . The error of the mea-
sured heterodyning ratio is estimated to have an uncertainty of
4.04% (= 1.15% + 1.15% + 1.74%), which means a total rela-
tive error of less than 4.04% might be delivered to the measured
modulation index in the worst case.

As half-wave voltages of MZM and PM are calculated with
the modulation index and microwave driving amplitude, the
uncertainty of half-wave voltages will be transferred from not
only the modulation index but also microwave driving ampli-
tude. Therefore, the measured half-wave voltage might have an

error of less than 8.87% (=7.72% + 1.15%, MZM case) or
5.19% (=4.04% + 1.15%, PM case) in the worst case.

In the PD measurement, the uncertainty can be simply derived
from the total derivative of (10) as following

δRf

Rf
=
δiϕ (f1 + f2 ± fs)
iϕ (f1 + f2 ± fs)

− δiϕ (f1 − f2 ± fs)
iϕ (f1 − f2 ± fs)

(16)

According to the relative error of less than 1.15% for a sin-
gle electrical amplitude measurement, the measured frequency
response might have a relative error of less than 2.30% (=
1.15% + 1.15%) in the worst case.

In the LD measurement, the modulation index has an error
dependence on the desired frequency components as following

δμl
μl

=
δiϕ (f1 − f2 − fs)
iϕ (f1 − f2 − fs)

− δiϕ (f2 − fs)
iϕ (f2 − fs)

+
R (f2 − fs) −R (f1 − f2 − fs)

R (f2 − fs)
(17)

which is derived from the total derivative of (13). Therefore,
the total relative error of less than 4.04% (= 1.15% + 1.15% +
1.74%) might be delivered to the extracted modulation index in
the worst case.

It is noteworthy that the estimated uncertainty bounds for LD,
PD, PM and MZM indicate the measurement uncertainty in the
worst case. In the measurement of LDs, PMs and MZMs, the
relative error from the ESA and the uneven response of PD can
be further reduced by improving the SNR of the desired het-
erodyning signals and by choosing a better satisfied frequency
relationship of f1≈ 2f2 or f2≈ 2f1 . In the PD measurement, we
firstly check whether the desired frequency components have
enough SNR at the maximum frequency, if yes, then the driving
condition will be kept and applied to other lower frequencies.
Moreover, as is known, average measurements will reduce the
random error. In our measurement, we repeat measurements for
nine times and make an average result to reduce random error
as much as possible.

Here, we also make a performance comparison between the
proposed method and the conventional method including the
OSA method and the swept-frequency method for highlighting
this work. According to the OSA specification (AQ6370C), the
power measurement uncertainty is within 0.4 dB (http://tmi.
yokogawa.com/files/uploaded/BUAQ6370SR_10EN_010.pdf).
It can be estimated that the OSA method will have an relative
error of less than 9.6% (=(10.∧(0.8/20) − 1) × 100%) for
MZM, PM and LD cases, while it is 7.72%, 4.04% and 4.04%,
respectively, for the MZM, PM and LD case in our method.
According to the LCA specification (N4373D), the uncertainty
is less than 0.8 dB, from which the measured response for the
PD will be no more than 9.6% (=(10.∧(0.8/20) − 1) × 100%),
while it is 2.3% with our method.

V. DISCUSSION AND CONCLUSION

The heterodyne spectrum mapping is essentially an optical
microwave mixing. The optical microwave mixing has many
applications in ROF systems and other microwave systems for
microwave frequency up- or down-conversion. In this work, we
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add the frequency shifting in the optical mixing, enabling the
full mapping from optical spectrum to electrical spectrum for
measuring high-speed optoelectronic devices.

In our experiment, all the heterodyning signals show ex-
tremely narrow spectrum lines due to inherently mutual co-
herence between the two optical signals on both branches of
the self-heterodyne interferometer originating from the same
optical carrier. Our measurement is insensitive to amplitude im-
balance and phase difference of the interferometer because it is
operated at heterodyne mode instead of interference mode. Our
scheme is applicable for different driving levels and operating
wavelengths as long as the required frequency relationship is
satisfied. Besides, a specially optimized bias phase of MZM
is not necessary except in the case of MZM itself under test,
since the bias phase has same influence on the desired electrical
components. In practice, the larger cosϕ is recommended for
better heterodyne amplitude and SNR, as well as moderate and
balanced microwave driving powers.

Our method is capable of extracting absolute frequency re-
sponses of MZMs, PMs, PDs and LDs, and it reduces half
bandwidth requirement or extends double measuring frequency
range, since the frequency response of DUT at f is determined
from the electrical components at about f/2 (MZM, PM and
LD cases), or with two driving signals at about f/2 (PD case).
In contrast to the optical method for measuring MODs, the
proposed electrical method achieves very high frequency res-
olution measurement of the desired optical spectra for MZM,
PM and LD, and avoids the line-width influence of laser source
due to the nature of self-heterodyne. Compared to the optical
methods for measuring PDs, our method provides very narrow
linewidth and calibration-free optical stimulus with extremely
frequency stability. Different from the VNA method, ours real-
izes a self-calibrated absolute frequency response measurement
for MZMs, PMs, PDs and LDs with same interferometer based
on the heterodyne spectrum mapping.

In summary, we have proposed and demonstrated a four-
in-one self-calibrated electrical method for microwave char-
acterization of MZMs, PMs, PDs and LDs with a shared
self-heterodyne interferometer based on heterodyne spectrum
mapping. Frequency responses including the half-wave voltage
and chirp parameter of MZM, half-wave voltage of PM, re-
sponsivity of PD, and modulation index of LD at microwave
frequencies were extracted with the high-resolution electrical
spectrum analysis of optical heterodyne signals. Our method
eliminates the need to correct the responsivity fluctuation of
other assistant devices in the setup, indicating online measure-
ments of optoelectronic components and photonic integrated
circuits.
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