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A scheme for instantaneous frequency measurement (IFM) using two parallel I/Q modulators based on optical power
monitoring is proposed. The amplitude comparison function (ACF) can be constructed to establish the relationship between
the frequency of radio frequency (RF) signal and the power ratio of two optical signals output by two I/Q modulators. The
frequency of RF signal can be derived by measuring the optical power of the optical signals output by two I/Q modulators.
The measurement range and measurement error can be adjusted by controlling the delay amount of the electrical delay line.
The feasibility of the scheme is verified, and the corresponding measurement range and measurement error of the system
under different delay amounts of the electrical delay line are given. Compared with previous IFM schemes, the structure of
this scheme is simple. Polarization devices, a photodetector and an electrical power meter are not used, which reduces the
impact of the environmental disturbance on the system and the cost of the system. In simulation, the measurement range
can reach 0 GHz–24.5 GHz by adjusting the delay amount of the electrical delay line τ = 20 ps. The measurement error of
the scheme is better at low frequency, and the measurement error of low frequency 0 GHz–9.6 GHz can reach −0.1 GHz to
+0.05 GHz.

Keywords: microwave photonics, instantaneous frequency measurement, optical power monitoring
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1. Introduction
Instantaneous frequency measurement (IFM) has been

a research hotspot in recent years. It has important ap-
plications in both military and civil fields, such as radar,
communication systems, and electronic warfare systems.[1,2]

The traditional electronics method is no longer suitable for
future development due to the disadvantages of large loss,
small measurement bandwidth and no immunity to electro-
magnetic interference, but the photonics method perfectly
overcomes these shortcomings.[3–5] The researchers have pro-
posed many IFM schemes based on photonics methods, for
example, based on the frequency-space mapping method,[6–8]

frequency-time mapping method,[9–14] frequency-phase map-
ping method,[15,16] and frequency-power mapping method.
Among them, the method based on frequency-power mapping
is the most common. The basic principle is to use a modula-
tor to modulate the received RF signal, then the modulated
signal is divided into two channel signals and processed in
the optical domain, and the processed optical signals are di-
rectly used to measure the optical power, or converted into
electrical signals by the photodetector to measure the elec-
trical power. The ACF is constructed to establish the corre-
sponding relationship between the frequency of the RF signal
and the power ratio of two channel signals. The frequency
of the RF signal can be determined by monitoring the optical

power ratio or the electrical power ratio of the two channel
signals. In Refs. [17–20], these schemes first used a mod-
ulator to modulate the input RF signal, then the modulated
signal went through different dispersion processes to achieve
different power attenuation, and finally a fixed relationship be-
tween the input RF frequency and the power ratio of two out-
put signals was established. The frequency of the RF signal
can be derived from the power ratio. In Refs. [21,22], the in-
put RF signal first entered Mach–Zehnder modulator (MZM)
for carrier suppression modulation, then the optical filter was
used to process the modulated signal, and finally the power
ratio of the two processed signals was used to derive the fre-
quency of the input RF signal. In Ref. [23], a phase modula-
tor was put into a Sagnac loop to establish a relationship be-
tween the amplitude of the direct current output and the input
RF frequency. The measurement range can reach 0.01 GHz–
40 GHz and the measurement error is less than 6%. In addi-
tion, IFM can also be realized by converting frequency infor-
mation into power information based on stimulated Brillouin
scattering,[24,25] resonators,[26,27] and four-wave mixing.[28]

Although these schemes can realize IFM, they are relatively
complex in structure. In Ref. [29], the author realized IFM
based on a dual-polarization modulator and an electrical delay
line. Compared with the previous IFM schemes, the structure
is simpler and the cost is lower (there is no expensive high-
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speed electronic device). However, in this scheme, the polar-
ization controller needs to be accurately kept at 45◦, which
increases the instability of the system (the polarization device
is sensitive to the environment).

In this paper, a simpler structure for IFM is proposed. The
scheme only uses one optical source, one electrical delay line,
two I/Q modulators and two optical power meters. By setting
the bias point of two I/Q modulators appropriately, a fixed re-
lationship between the input signal frequency and the power
ratio of two optical signals output by two I/Q modulators is
established. The input signal frequency can be derived by the
power ratio. The measurement range and measurement error
can be adjusted by changing the delay amount of the electrical
delay line. The scheme has a better measurement error for low
frequency compared with other schemes. The measurement
error of low frequency 0 GHz–9.6 GHz can reach −0.1 GHz
to +0.05 GHz in simulation.

2. Model and theoretical analysis

Figure 1 shows the schematic diagram of the proposed
scheme. The optical signal generated by the CW laser is first
divided into two equal power optical signals by an optical
power splitter. The two equal power optical signals are in-
jected into two I/Q modulators respectively. I/Q modulator
1 consists of two sub-modulators (MZM-1 and MZM-2), and
I/Q modulator 2 consists of two sub-modulators (MZM-3 and
MZM-4). The RF signal generated by the RF source is first
divided into two equal power electrical signals by an electri-
cal power splitter. One channel electrical signal first passes
through an electrical delay line and then is divided by an elec-
trical power splitter, and the generated two electrical signals
are injected into the input RF ports of MZM-1 and MZM-3 re-
spectively. The other channel electrical signal passes through
an electrical power splitter and the generated two electrical
signals are injected into the RF input ports of MZM-2 and
MZM-4 respectively. MZM-1, MZM-2, MZM-3 and MZM-4
are biased at minimum transmission point (MITP). I/Q mod-
ulator 1 and I/Q modulator 2 are biased at maximum trans-
mission point (MATP) and MITP respectively. Suppose the
phase shift induced by DC bias of MZM-1, MZM-2, MZM-3,
MZM-4, I/Q modulator 1 and I/Q modulator 2 are φ1, φ2, φ3,
φ4, φ5, and φ6 respectively, so φ1 = φ2 = φ3 = φ4 = φ6 = π

and φ5 = 0. The output optical signal by CW laser is Ein (t) =
E0 exp(jω0t), where E0 and ω0 denote the amplitude and an-
gular frequency respectively. The output electrical signal by
the RF source is VRF (t) =VRF cos(Ω t), where VRF and Ω de-
note the amplitude and angular frequency respectively. The
delay amount of the electrical delay line is τ . The output op-
tical signal of I/Q modulator 1 and I/Q modulator 2 can be

expressed as

E1 =
1
2

Ein (t)exp
(

j
π

2

)
×{sin [mcos(Ω t +Ωτ)]+ sin [mcos(Ω t)]} ,

E2 =
1
2

Ein (t)exp
(

j
π

2

)
×{sin [mcos(Ω t +Ωτ)]− sin [mcos(Ω t)]} , (1)

where m denotes the modulation index of MZM and m =

πVRF/
(

2
√

2Vπ

)
. Vπ denotes the half-wave voltage of MZM.
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Fig. 1. The schematic diagram of the scheme (RF source: radio frequency
source; CW laser: continuous-wave laser; MZM: Mach–Zehnder modula-
tor; DL: electrical delay line; OPM: optical power meter; φ1, φ2, φ3, φ4, φ5,
and φ6: phase shifts induced by the DC bias of MZM-1, MZM-2, MZM-3,
MZM-4, I/Q modulator 1, and I/Q modulator 2, respectively).

Use Jacobi–Anger expansion to expand Eq. (1)

E1 = an cos
[
(2n−1)

(
Ω t +

Ωτ

2

)]
,

E2 = bn sin
[
(2n−1)

(
Ω t +

Ωτ

2

)]
, (2)

where

an = −2Ein (t)exp
(

j
π

2

)
×

∞

∑
n=1

(−1)nJ2n−1 (m)cos
[
(2n−1)

Ωτ

2

]
,

bn = 2Ein (t)exp
(

j
π

2

)
×

∞

∑
n=1

(−1)nJ2n−1 (m)sin
[
(2n−1)

Ωτ

2

]
, (3)

Here, Jn (·) represents the Bessel function of the first kind of
order n. Since the received signal is weak, the scheme can only
consider the first-order sidebands, and Eq. (2) can be simpli-
fied as

E1 = 2Ein (t)exp
(

j
π

2

)
×J1 (m)cos

[
Ωτ

2

]
cos

(
Ω t +

Ωτ

2

)
,

E2 = −2Ein (t)exp
(

j
π

2

)
×J1 (m)sin

[
Ωτ

2

]
sin

(
Ω t +

Ωτ

2

)
. (4)
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The optical intensity of signals output by I/Q modulator 1
and I/Q modulation 2 are

I1 = 4E2
0 J2

1 (m)cos2
(

Ωτ

2

)
,

I2 = 4E2
0 J2

1 (m)sin2
(

Ωτ

2

)
. (5)

ACF is defined as the power ratio of optical signals output
by two I/Q modulators, and the ACF can be expressed as

ACF =
P1

P2
=

1
tan2 (Ωτ/2)

=
1

tan2 (πτ f )
, (6)

where f denotes the frequency of the received RF signal.
According to Eq. (6), when τ is a fixed value, there is a

one-to-one corresponding relationship between f and P1/P2.
Therefore, the frequency of the received RF signal can be de-
rived by the power ratio of two optical signals generated by
two I/Q modulators.

Figure 2 is calculated ACF, P1, P2 versus RF frequency
diagram when τ = 20 ps. Figure 3 is the ACF curve diagram
corresponding τ = 20 ps, 30 ps, 40 ps, and 50 ps. As can be
seen in Fig. 3, different delay amount τ corresponds to dif-
ferent ACF curve. Different ACF curve determines different
measurement range.
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Fig. 2. Calculated ACF, calculated P1, calculated P2 versus RF frequency
when τ = 20 ps.
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Fig. 3. Calculated ACF versus RF frequency when τ = 20 ps, 30 ps, 40 ps,
and 50 ps.

3. Simulation and discussion
The feasibility of the scheme is verified by simulation

in the software OptiSystem. The parameters are set as fol-
lows: the power, wavelength and linewidth of the CW laser
are 10 dBm, 1550.12 nm, and 10 MHz respectively. The ex-
tinction ratio, insertion loss and half-wave voltage of the MZM
are 30 dB, 5 dB, and 4 V respectively. The amplitude of the
RF source is 3.6 V (the modulation index of MZM is equal
to 1). The electrical delay amount of the electrical delay line
is 20 ps. MZM-1, MZM-2, MZM-3 and MZM-4 are biased
at MITP. I/Q modulator 1 and I/Q modulator 2 are biased at
MATP and MITP respectively. Figure 4 shows simulated re-
ceived optical power values of the optical power meter 1 and
optical power meter 2, and ACF curve when the frequency of
RF changes from 0 GHz–30 GHz. As can be seen in Fig. 4,
when the frequency of the input RF is from 0 GHz to 25 GHz,
the ACF curve is monotonous. There is a one-to-one corre-
sponding relationship between the frequency of the input RF
and the value of ACF curve, so we can figure out the frequency
of the input RF by the value of ACF in real time.
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Fig. 4. Simulated ACF versus RF frequency when τ = 20 ps.

In previous theoretical calculation, the extinction ratio of
the modulator is considered to be infinite, but the extinction
ratio of the MZM is finite in practice. The effect of extinction
ratio of the MZM on the scheme needs to be considered. The
extinction ratio of the MZM is set to 20 dB, 25 dB, and 30 dB
respectively in the OptiSystem. The settings of other param-
eters remain unchanged. The relationship diagram between
ACF and the input RF frequency can be obtained as shown in
Fig. 5. Figure 5 shows that the higher the extinction ratio of
the MZM is, the closer the obtained ACF curve is to the theo-
retical ACF curve. This is because the MZM cannot suppress
the carrier and even-order sidebands effectively when the ex-
tinction ratio of the MZM is not high.

The effect of the modulation index of the MZM on the
scheme also needs to be considered. The modulation index of
the MZM is set to 0.5, 1.0, and 1.5 respectively. The extinction
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ratio of the MZM is set to 30 dB. Other parameter settings re-
main unchanged. The relationship diagram between the ACF
and the input RF frequency can be obtained as shown in Fig. 6.
Figure 6 indicates that the larger the modulation index m is in
a certain range, the closer the ACF curve is to the theoreti-
cal curve. This is because the amplitude difference between
generated first-order optical sidebands and generated higher
odd-order optical sidebands by the MZM will increase when
the modulation index m increases in a certain range, which
will reduce the effect of higher odd-order sidebands on the
scheme. However, the ACF curves under different modulation
index are only different at the end of the monotone interval
(0 GHz–25 GHz) and most regions of the monotone interval
coincide with the theoretical ACF curve, which indicates that
this scheme is not required for the power of the input RF.
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Fig. 5. Simulated ACF curve versus input RF frequency when εr = 20 dB,
25 dB, and 30 dB.
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Fig. 6. Simulated ACF curve versus input RF frequency when m = 0.5, 1.0,
and 1.5.

When the modulation index m = 1, the delay amount
τ = 20 ps and the extinction ratio of the MZM is 30 dB, the
estimation error can be obtained as shown in Figs. 7(a) and
7(b). As shown in Fig. 7(a), the simulated frequency mea-
surement results are approximately equal to the calculated fre-
quency measurement results except around 25 GHz. The rea-
son for the larger measurement error around 25 GHz is that the

extinction ratio of the MZM is finite. As shown in Fig. 7(b),
the estimation error is −0.15 GHz to +0.3 GHz in the mea-
surement range of 0 GHz–24.5 GHz when τ = 20 ps.
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Fig. 7. (a) Estimated RF frequency versus input RF frequency. (b) Estimation
error versus input RF frequency.

The estimation error is analyzed when τ = 30 ps, 40 ps,
and 50 ps. The simulated results are shown in Fig. 8. Fig-
ures 8(a) and 8(b) indicate that the measurement range and
the measurement error are 0 GHz–16 GHz and −0.3 GHz to
+0.05 GHz when τ = 30 ps. The estimation error is larger
around 16.7 GHz because the extinction ratio of MZM is finite.
Similarly, it can be seen from Figs. 8(c) and 8(d) that the mea-
surement range and measurement error are 0 GHz–12.2 GHz
and −0.05 GHz to +0.2 GHz when τ = 40 ps. Figures 8(e)
and 8(f) indicate that the measurement range and measurement
error are 0 GHz–9.6 GHz and −0.1 GHz to +0.05 GHz when
τ = 50 ps.
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Different measurement ranges and measurement errors
are shown in Table 1. There is a trade-off balance between
the measurement range and measurement error, as can be seen
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in Table 1. When τ increases, the measurement range de-
creases, but the measurement error becomes better. Since the
ACF curve in this scheme has a high slope at low frequency,
the measurement error of low frequency is better than that of
other schemes.

Table 1. Different measurement ranges and measurement errors.

Delay Measurement range Measurement error

τ = 20 ps 0 GHz–24.5 GHz −0.15 GHz to +0.3 GHz
τ = 30 ps 0 GHz–16 GHz −0.3 GHz to +0.05 GHz
τ = 40 ps 0 GHz–12.2 GHz −0.05 GHz to +0.2 GHz
τ = 50 ps 0 GHz–9.6 GHz −0.1 GHz to +0.05 GHz

In the scheme, the four sub-modulators are set as MITP.
I/Q modulator 1 and I/Q modulator 2 are set as MATP and
MITP respectively. The effect of DC bias drift of the MZM
on the scheme needs to be considered. Suppose that ∆V/Vπ

is the DC bias drift of the MZM, where ∆V denotes the var-
ied amount of DC bias voltage of the MZM and Vπ denotes
the half-wave voltage of the MZM. Take τ = 50 ps for exam-
ple. The DC bias drift of MZM-1, MZM-2, MZM-3, MZM-4,
I/Q modulator 1 and I/Q modulator 2 are set to ±10% respec-
tively. The corresponding parameter settings in the simulation
software are shown in Table 2.

Table 2. Parameter settings for different modulators.

DC bias drift
DC bias voltage Phase shift (ϕ5 and ϕ6)

MZM-1 MZM-2 MZM-3 MZM-4 I/Q modulator 1 I/Q modulator 2

−10% 3.6 V 3.6 V 3.6 V 3.6 V −18◦ 162◦

10% 4.4 V 4.4 V 4.4 V 4.4 V 18◦ 198◦

-1.0

-0.8

-0.6

-0.4

-0.2

0

0.2

E
st

im
a
ti
o
n
 e

rr
o
r 

(G
H

z
)

Input RF frequency (GHz)

+0.05 GHz

6.5 GHz

-0.1 GHz

(a)

9.6

±10% MZM-1

-0.55 GHz

-1.0

-0.8

-0.6

-0.4

-0.2

0

0.2

E
st

im
a
ti
o
n
 e

rr
o
r 

(G
H

z
)

Input RF frequency (GHz)

+0.05 GHz

6.5 GHz

-0.1 GHz

(b)
±10% MZM-2

9.6

-0.55 GHz

-1.2

-1.0

-0.8

-0.6

-0.4

-0.2

0

0.2

E
st

im
a
ti
o
n
 e

rr
o
r 

(G
H

z
)

Input RF frequency (GHz)

9.6

+0.07 GHz

-0.1 GHz

6.5 GHz

(c)
±10% ϕ5  

-0.7 GHz

-0.4

-0.2

0

0.2

0.4

0.6

0.8

E
st

im
a
ti
o
n
 e

rr
o
r 

(G
H

z
)

Input RF frequency (GHz)

9.6

3.9 GHz

(d)

±10% MZM-3

+0.05 GHz

-0.1 GHz

+0.7 GHz

-0.4

-0.2

0

0.2

0.4

0.6

0.8

E
st

im
a
ti
o
n
 e

rr
o
r 

(G
H

z
)

Input RF frequency (GHz)

9.6

3.9 GHz

+0.05 GHz

-0.1 GHz

(e)

10% MZM-4
+0.7 GHz

-0.4

-0.2

0

0.2

0.4

0.6

0.8

1.0

E
st

im
a
ti
o
n
 e

rr
o
r 

(G
H

z
)

Input RF frequency (GHz)

9.6
-0.1 GHz

3.9 GHz

+0.05 GHz

(f) +0.9 GHz

0 2 4 6 8 0 2 4 6 8

0 2 4 6 8 0 2 4 6 8

0 2 4 6 8 0 2 4 6 8

±10% ϕ6  

Fig. 9. Estimation error diagram when DC bias drift is ±10%: (a) MZM-
1, (b) MZM-2, (c) I/Q modulator 1, (d) MZM-3, (e) MZM-4, (f) I/Q
modulator 2.

Figures 9(a) and 9(b) are the estimation error diagrams
when the DC bias drift of MZM-1 is ±10% and the DC
bias drift of MZM-2 is ±10% respectively. As shown in
Figs. 9(a) and 9(b), the estimation error becomes −0.55 GHz
to +0.05 GHz. In order to reach the measurement error
(−0.1 GHz to +0.05 GHz) before DC bias drift, the mea-
surement range becomes 0 GHz–6.5 GHz. Figure 9(c) is the
estimation error diagram when the DC bias drift of I/Q mod-
ulator 1 is ±10%. As shown in Fig. 9(c), the estimation error

becomes −0.7 GHz to +0.07 GHz. In order to reach the mea-
surement error −0.1 GHz to +0.07 GHz, the measurement
range becomes 0 GHz–6.5 GHz.

Figures 9(d) and 9(e) are the estimation error diagrams
when the DC bias drift of MZM-3 is ±10% and the DC
bias drift of MZM-4 is ±10% respectively. As shown in
Figs. 9(d) and 9(e), the estimation error becomes −0.1 GHz
to +0.7 GHz. In order to reach the measurement error
(−0.1 GHz to +0.05 GHz) before DC bias drift, the mea-
surement range becomes 3.9 GHz–9.6 GHz. Figure 9(f) is
the estimation error diagram when the DC bias drift of I/Q
modulator 2 is ±10%. As shown in Fig. 9(f), the estimation
error becomes −0.1 GHz to +0.9 GHz. In order to reach the
measurement error (−0.1 GHz to +0.05 GHz) before DC bias
drift, the measurement range becomes 3.9 GHz–9.6 GHz.

4. Conclusion
In this paper, a new scheme to realize IFM is proposed.

The structure of the scheme is simple; it only consists of one
optical source, one electrical delay line, two I/Q modulators,
and two optical power meters. By setting each bias point of
two I/Q modulators and the delay amount of the electrical de-
lay line properly, a fixed relationship between the frequency
of the RF signal and the optical power ratio can be obtained.
Since the scheme is carried out in the optical domain, no ex-
pensive electronic devices are used. The scheme also has no
polarization devices, which reduces the impact of environ-
mental disturbances on the system. The measurement range
and measurement error can be adjusted by changing the de-
lay amount of the electrical delay line. Although there exists
a trade-off balance between the measurement range and the
measurement error, the measurement error of low frequency in
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this scheme is better than other schemes because the slope of
the ACF curve is large at the low frequency. The measurement
error in low frequency 0 GHz–9.6 GHz can reach −0.1 GHz
to +0.05 GHz. We believe this method will provide guidance
for IFM in the future.
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