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We propose and demonstrate an optoelectronic method for
accurately characterizing the third-order nonlinearity of
photodetectors (PDs) using improved carrier-shifted phase
modulation. A carrier-shifted phase-modulated probe sig-
nal is injected into the PD under test, and the third-order
nonlinear characteristics are extracted by measuring the
powers of the fundamental and third-order intermodulation
distortion (IMD3) components as the probe signal power
is swept. To enhance measurement accuracy, a continuous-
wave laser is employed for power compensation, maintaining
a constant operating condition for the PD throughout the
sweep. Moreover, an additional optical frequency shifter is
inserted before the phase modulator (PM) to reduce the
frequency spacing between the fundamental components,
and a de-embedding procedure is employed to remove the
contribution of the PM’s nonlinearity. Experimentally, the
spur-free dynamic ranges (SFDRs) of a commercial PD are
measured over 10–67 GHz, and the effects of frequency spac-
ing and input power on measurement accuracy are investi-
gated. © 2026 Optica Publishing Group. All rights, including for text
and data mining (TDM), Artificial Intelligence (AI) training, and similar
technologies, are reserved.

https://doi.org/10.1364/OL.604680

Photodetectors (PDs) are key devices for optical-to-electrical
(O/E) conversion in modern photonic systems, and they are
widely used in high-speed optical communications [1], optical
fiber sensing [2], and microwave photonics [3]. Conventionally,
a PD’s performance is characterized by its small-signal fre-
quency response, which indicates both the working bandwidth
and conversion efficiency [4]. Nonetheless, O/E conversion is in-
herently nonlinear. In applications such as coherent optical net-
works and ultra-linear analog radio-over-fiber links, where PDs
often operate at high optical power, this nonlinearity can signif-
icantly degrade system performance [5,6]. As a result, accurate
characterization of a PD’s nonlinear parameters is essential.

Among nonlinear parameters, third-order intermodulation
distortion (IMD3) is particularly important because it enables
the extraction of the third-order intercept point (IP3) and

spur-free dynamic range (SFDR). Improved optical heterodyne
methods are widely regarded as highly accurate for the IMD3
characterization [7,8]. In these methods, an additional laser pair
is introduced into a conventional optical heterodyne scheme to
generate two-tone photocurrents. However, these approaches re-
quire stable phase and frequency relationships among multiple
lasers and therefore rely on wide-bandwidth phase-locked loops
(PLLs), which increase system complexity and impose band-
width limitations. To avoid PLLs, the parallel O/E modulation
methods have been proposed [9–11], in which closely spaced
RF tones are modulated onto separate optical carriers to gen-
erate independent optical double-sideband (ODSB) signals that
are combined and detected to produce the desired two-tone pho-
tocurrent. Although three-tone schemes and de-embedding tech-
niques can reduce modulator-induced distortion [10,11], these
methods still require multiple lasers and electro-optic modu-
lators (EOMs) operated at the quadrature transmission point,
leading to substantial experimental complexity and limited sta-
bility. Recently, an optical heterodyne method based on carrier-
shifted phase modulation was demonstrated [12]. In that scheme,
two optical carriers derived from the same laser are frequency
shifted and phase modulated separately, and the beat notes be-
tween the shifted carrier and the ±1st-order sidebands are used
as the fundamental components. Because it uses a single laser
and RF source and avoids EOM bias drift, it offers a simpler and
more stable platform for PD nonlinearity measurement. Never-
theless, the large and fixed two-tone spacing may become less
favorable when the PD frequency response is not sufficiently flat,
and the varying operating point during RF power sweeping may
affect the stability of nonlinear characterization.

In this Letter, we propose and experimentally demonstrate an
optoelectronic method for accurately characterizing the third-
order nonlinearity of PDs using improved carrier-shifted phase
modulation. The proposed method adopts optical power com-
pensation to keep the PD under a stable operating condition
during the probe signal power sweeping, which is essential for
reliable IMD3 characterization. To further enhance accuracy, a
supplementary optical frequency shifter is introduced to reduce
the frequency spacing between the generated two-tone compo-
nents. Additionally, the influence of the phase modulator (PM)’s
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Fig. 1. The schematic of the proposed measurement method.
AOM, acousto-optic modulator; EDFA, erbium-doped fiber ampli-
fier; ESA, electrical spectrum analyzer; OC, optical coupler; OS,
optical splitter; PD, photodetector; PM, phase modulator; Tap OPM,
tap optical power meter; VOA, variable optical attenuator.

nonlinearity is removed through a de-embedding process. By the
proposed approach, the SFDR of a commercial wideband PD is
characterized over the 10–67 GHz, and the effects of two-tone
frequency spacing and optical input power on the measurement
results are experimentally investigated.

Figure 1 shows the schematic of the proposed measurement
method. The phase-modulated optical signal generated in the
upper arm and the frequency-shifted carrier from the lower arm
are combined to form a carrier-shifted phase-modulated probe
signal, which can be expressed as:

𝐸p (𝑡) =𝐸c exp [𝑗2𝜋 (𝑓c + 𝑓s1) 𝑡 + 𝑗𝛽 sin (2𝜋𝑓e𝑡)]

+ 𝐸sc exp [𝑗2𝜋 (𝑓c + 𝑓s2) 𝑡]
, (1)

where Ec and f c are the amplitude and frequency of the optical
carrier at the PM input, β is the modulation index, f s1 and f s2
are respectively the frequency shifts introduced by acousto-optic
modulators (AOMs), f e is the RF drive frequency, and Esc is the
amplitude of the frequency-shifted carrier. The optical intensity
of the probe signal can be expressed as:

∣𝐸p (𝑡)∣
2

= 𝐸2
c + 𝐸2

sc + 2𝐸c𝐸sc cos [𝛽 sin (2𝜋𝑓e𝑡) − Δ𝑓𝑡]

= 𝐸2
c + 𝐸2

sc + 2𝐸c𝐸sc

+∞
∑

𝑛=−∞
𝐽𝑛 (𝛽) cos [2𝜋 (𝑛𝑓e − Δ𝑓) 𝑡] ,

(2)

where Δf = fs2 − fs1, and Jn(·) is the nth-order Bessel function of
the first kind. An erbium-doped fiber amplifier (EDFA) followed
by a variable optical attenuator (VOA) is used for probe power
sweeping, while a second laser provides power compensation to
maintain a constant DC photocurrent and thereby stabilize the
operating condition of the PD under test. As the carrier spacing
between the two lasers is far beyond the PD bandwidth, the beat
note between them has no influence on the measurement. Ac-
cordingly, the AC photocurrent generated by the PD under test
can be written as:

𝑖AC (𝑡) = 𝜂 (𝑓) ∣𝐸p (𝑡)∣
2

= 𝜂 (𝑓) 2𝐸c𝐸sc

+∞
∑

𝑛=−∞
𝐽𝑛 (𝛽) cos [2𝜋 (𝑛𝑓e − Δ𝑓) 𝑡] ,

(3)

where η( f ) is the frequency-dependent responsivity of the PD
under test. At high optical power, the nonlinear responsivity of
the PD can be represented by a Taylor expansion as [13]:

𝑖 (𝑡) = 𝛼0 + 𝛼1𝑖AC (𝑡) + 𝛼2 [𝑖AC (𝑡)]2 + 𝛼3 [𝑖AC (𝑡)]3 + ⋯ , (4)

where αk is the kth-order nonlinear coefficient. The quadratic
terms in Eq. (4) are given by:

𝛼2 [𝑖AC (𝑡)]2 = 2𝛼2𝐸2
c 𝐸2

sc

+∞
∑

𝑛=−∞

+∞
∑

𝑝=−∞
𝐽𝑛 (𝛽) 𝐽𝑝 (𝛽)⋅

{cos [2𝜋 ((𝑛 + 𝑝) 𝑓e − 2Δ𝑓) 𝑡]
+ cos [2𝜋 (𝑛 − 𝑝) 𝑓e𝑡]} .

(5)

And the cubic terms in Eq. (4) are given by:

𝛼3 [𝑖AC (𝑡)]3 = 2𝛼3𝐸3
c 𝐸3

sc

+∞
∑

𝑛=−∞

+∞
∑

𝑝=−∞

+∞
∑

𝑞=−∞
𝐽𝑛 (𝛽) 𝐽𝑝 (𝛽) 𝐽𝑞 (𝛽)⋅

{cos [2𝜋 ((𝑛 + 𝑝 + 𝑞) 𝑓e − 3Δ𝑓) 𝑡]
+ cos [2𝜋 ((𝑛 + 𝑝 − 𝑞) 𝑓e − Δ𝑓) 𝑡]
+ cos [2𝜋 ((𝑛 − 𝑝 + 𝑞) 𝑓e − Δ𝑓) 𝑡]
+ cos [2𝜋 ((𝑛 − 𝑝 − 𝑞) 𝑓e + Δ𝑓) 𝑡]} .

(6)

Beating between the ±1st-order sidebands and the frequency-
shifted carrier generates the two fundamental components at f 1
= f e − Δf and f 2 = f e + Δf. For n + p + q = 1 and n, p, q = ±1, the
intrinsic third-order nonlinearity of the PD then produces IMD3
components at f e – 3Δf and f e + 3Δf, as described by:

𝑖P (𝑡) = 2𝛼3𝐸3
c 𝐸3

sc

+∞
∑

𝑛=−∞

+∞
∑

𝑝=−∞

+∞
∑

𝑞=−∞
𝐽𝑛 (𝛽) 𝐽𝑝 (𝛽) 𝐽𝑞 (𝛽)

{cos [2𝜋 ((𝑛 + 𝑝 + 𝑞) 𝑓e − 3Δ𝑓) 𝑡]}
= −6𝛼3𝐸3

c 𝐸3
sc𝐽3

1 (𝛽) cos [2𝜋 (𝑓e − 3Δ𝑓) 𝑡] .

(7)

When the PM-induced higher-order sidebands are taken into ac-
count, the IMD3 terms satisfying n + p + q = 1 are expressed
as:

𝑖D (𝑡) = 2𝛼3𝐸3
c 𝐸3

sc

+∞
∑

𝑛=−∞

+∞
∑

𝑝=−∞

+∞
∑

𝑞=−∞
𝐽𝑛 (𝛽) 𝐽𝑝 (𝛽) 𝐽𝑞 (𝛽)

{cos [2𝜋 ((𝑛 + 𝑝 + 𝑞) 𝑓e − 3Δ𝑓) 𝑡]}
= 2𝛼3𝐸3

c 𝐸3
sc𝐽1 (3𝛽) cos [2𝜋 (𝑓e − 3Δ𝑓) 𝑡] ,

(8)

which corresponds to the IMD3 directly measured by the elec-
trical spectrum analyzer (ESA). The fraction of the intrinsic
PD IMD3 contained in the measured IMD3 can therefore be
expressed as:

𝐹 =
9𝐽6

1 (𝛽)
𝐽2

1 (3𝛽)
, (9)

where F is the power de-embedding factor. Since F depends on
β, and β can be achieved according to the optical power ratio
between the first-order sidebands and the carrier from the mea-
sured optical spectrum, F can be experimentally obtained. Let
P1 and Ps be the optical powers of the +1st-order sideband and
the frequency-shifted carrier, respectively, measured by a tap
optical power meter (Tap OPM1). The equivalent input optical
power Pin is defined as:

𝑃in = √𝑃1𝑃s. (10)

By sweeping the Pin, extracting the powers of the fundamental
and IMD3 components, and applying the de-embedding factor,
the intrinsic IMD3 can be obtained. Linear fitting yields the in-
put and output third-order intercept points (IIP3 and OIP3). The
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noise floor consists of shot noise and thermal noise, as expressed
by:

𝑁0 = 2𝑞𝐼DC𝑅 + 𝑘𝑇, (11)

where q is the electron charge, IDC is the measured DC photocur-
rent, R is the load resistance, k is the Boltzmann constant, and
T = 290 K. The SFDR of the PD is then given by the measured
noise floor N0 and the extracted OIP3 as:

SFDR =
2
3

(OIP3 − 𝑁0). (12)

Repeating the above procedure while sweeping the f e gives
the frequency-dependent nonlinear parameters.

The experimental setup is shown in Fig. 1. The optical car-
rier from Laser 1 (Teraxion, PS-NLL) at 1550.19 nm is split into
two paths. In the upper path, the carrier is frequency shifted
by 79.75 MHz using AOM1 (G-1550-80) and then phase mod-
ulated by a PM (EOSPACE, PM40) driven by an RF signal at
frequency f e. In the lower path, the carrier is frequency shifted
by 80.25 MHz using AOM2 and delayed by a short fiber to bal-
ance the path length mismatch between the two arms. The two
paths are recombined to generate a probe signal with a carrier
offset of 0.5 MHz. The probe power is swept and monitored by
VOA1 (MEMS, VOA-2-1550) and tap OPM1 (GLSUN, TAPD).
Laser 2 (Agilent, N7714A) at 1553.05 nm provides the compen-
sation signal, whose power is adjusted by VOA2 and monitored
by tap OPM2. The probe signal and the compensation signal are
combined to form the excitation signal and then launched into
a commercial 70-GHz PD (COHERENT, XPDV3120R). Dur-
ing probe power sweeping, the compensation power is adjusted
to maintain a constant total excitation power, thereby stabilizing
the PD operating condition. The DC and AC components of the
photocurrent are measured by a source meter (Keithley, 2450)
and an ESA (R&S, FSW67), respectively.

Figure 2 shows the optical spectra of the phase-modulated
signal, the frequency-shifted carrier, and the excitation signal. At
f e = 40 GHz and 15 dBm RF drive, the phase-modulated spec-
trum contains not only the ±1st-order sidebands but also higher-
order sidebands owing to the nonlinear response of the PM.
These sidebands contribute to the directly measured IMD3 and
therefore require de-embedding. The measured power difference
between the carrier and the −1st-order sideband is 11.01 dB,
corresponding to a phase-modulation index of 0.54 rad and a
de-embedding factor of 0.0087 according to Eq. (9). After com-
bining with the compensation signal, the wavelength spacing
between Laser 2 and the probe is 357 GHz, far beyond the PD
bandwidth. Therefore, the beat terms between the two lasers
do not affect the IMD3 measurement. The total excitation op-
tical power is maintained at 9.40 dBm, which is within but
close to the specified maximum average optical input power of
10 dBm for the PD under test. During the power sweep from
−20.34 dBm to −1.10 dBm, the total excitation power is main-
tained at 9.40 ± 0.01 dBm, corresponding to a fluctuation range
of 9.39–9.41 dBm, while the DC photocurrent remains stable at
5.49 mA.

Figure 3 compares the electrical spectra measured with and
without delay balancing. At f e = 40 GHz, and Δf = 0.5 MHz, two
fundamental components at 39.9995 and 40.0005 GHz and the
corresponding IMD3 components at 39.9985 and 40.0015 GHz
are clearly resolved. Without delay balancing, path mismatch de-
grades the coherence between the phase-modulated sidebands

Fig. 2. Optical spectra of the phase-modulated signal, frequency-
shifted carrier, and excitation signal.

Fig. 3. Electrical spectra of the photocurrents generated by the
PD under test with and without the delay balancing.

Fig. 4. Power differences of the fundamental and IMD3 compo-
nents under different two-tone frequency spacings.

and the shifted carrier, which introduces frequency-dependent
noise and reduces the measurable dynamic range. After delay
balancing, the spectral background is significantly suppressed,
and the powers of the fundamental and IMD3 components can
be extracted more reliably over a wider input power range. The
measured fundamental components power differences are 1.41
and 1.47 dB before and after delay balancing, respectively. In the
experiment, the optical delay mismatch is first measured to be
28.52 ns using a commercial high-precision optical delay meter
(NEWKEPHOTONICS, ODM-S-D) and then compensated by
inserting a 5.83-m polarization-maintaining fiber, reducing the
residual mismatch to below 34.11 ps.

To minimize the influence of the uneven frequency response
of the PD, the two-tone frequency spacing is adjusted by tuning
the frequency shifts introduced by AOMs. As shown in Fig. 4,
the power difference between the two fundamental components,
as well as that between the two IMD3 components, grows due to
the frequency response unevenness when the frequency spacing
increases from 1 MHz to 20 MHz. For the two-tone frequency
spacing exceeding 20 MHz, the power differences between the
two fundamental components and between the two IMD3 com-
ponents are 0.50 and 1.30 dB, respectively. In the following mea-
surement, to minimize the measurement error induced by the
uneven linear frequency response, the spacing is set to 1 MHz,
for which the corresponding power differences are reduced to
about 0.05 and 0.26 dB.
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Fig. 5. Measured input–output power characteristics of the PD at
40 GHz.

Fig. 6. Frequency-dependent third-order nonlinear parameters
measurement results for the PD under test.

Figure 5 shows the measured input-output power charac-
teristics at 40 GHz. The Pin was swept from −20.34 dBm to
−1.10 dBm over 50 points. The measured fundamental power
follows the expected slope of 1. The directly measured IMD3 fol-
lows the expected slope of 3 only when a compensation signal is
applied. Without compensation, the IMD3 curve deviates from
the ideal slope and exhibits noticeable fluctuations, confirming
that stabilizing the operating point is essential for reliable IMD3
characterization. Applying the de-embedding factor F = 0.0087
shifts the IMD3 curve downward substantially, indicating that
the directly measured IMD3 is dominated by PM-induced distor-
tion. It should be noted that the RF drive power applied to the PM
is kept constant during the power sweeping. Therefore, the mod-
ulation index remains unchanged, and the de-embedding factor
calculated from Eq. (9) is fixed. Consequently, the de-embedded
IMD3 curve is obtained by applying a constant offset to the
directly measured IMD3 component. Linear fitting gives IIP3
values before and after de-embedding of 15.60 and 25.90 dBm,
respectively, while the corresponding OIP3 values are −5.92
and 4.38 dBm. Throughout the power sweep, the shot-noise
level is calculated to be −160.55 dBm/Hz according to Eq. (11),
and the thermal-noise level at room temperature is estimated
to be −173.98 dBm/Hz. By combining these two contributions
in the linear power domain, the total noise floor is obtained as
−160.36 dBm/Hz.

Figure 6 shows the frequency-dependent nonlinear parame-
ters. In Figs. 6(a)–6(c), the red and blue curves represent the
nonlinear parameters extracted from the two IMD3 components

and their corresponding fundamental components, respectively.
The IIP3 remains relatively stable over the measured frequency
range, whereas the OIP3 decreases with increasing frequency,
indicating stronger effective third-order distortion at higher fre-
quencies. According to the manufacturer’s frequency response,
the PD under test shows a responsivity increase around 40 GHz.
This increases the fundamental RF signal power and thus leads
to slightly higher IIP3, OIP3, and SFDR at 40 GHz. A simi-
lar trend is observed using the parallel O/E modulation method
[11]. Since the noise floor shows no obvious frequency depen-
dence over the measured band, the SFDR follows the same trend
as the OIP3. To verify the accuracy of the proposed method,
the third-order nonlinear parameters of the same PD are also
measured using the previously reported parallel O/E modulation
method [11]. The results are plotted in Fig. 6 for comparison and
show good agreement with those obtained using the proposed
method.

In summary, we have demonstrated a method based on im-
proved carrier-shifted phase modulation for accurately charac-
terizing the third-order nonlinear parameters of PD. Optical
power compensation is applied during power sweeping to stabi-
lize the PD operating condition and enable stable measurement
of the IMD3. By introducing a supplementary optical frequency
shifter, the two-tone spacing is reduced to 1 MHz, which mini-
mizes the influence of the uneven PD frequency response. Path
length balancing between the phase-modulated signal and the
frequency-shifted carrier further suppresses the spectral back-
ground, enabling more reliable extraction of the fundamental
and IMD3 powers over a wider input power range. After de-
embedding the nonlinearity of the PM, the IP3 and SFDR of a
commercial PD are accurately measured over 10–67 GHz, con-
firming the capability of the proposed method for broadband
third-order nonlinearity characterization.
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