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 The direct measurement method of AM-to-PM phenomena in fast silicon and InGaAs 
photodiodes is described. The setup is simple, relatively inexpensive and allows fast and 
precise measurements not only in a laboratory environment. During sample tests, the authors 
have found that the influence of bias voltage on the phase shift of an optical signal 
conversion is significant. The reported effect together with the influence of modulation depth 
on phase shift (AM-to-PM conversion) has a negative impact on an optical signal reception 
especially in coherent applications. The authors show that, with our proposed setups, it is 
possible to find optimal bias voltage and optimal optical power in order to reduce electrical 
phase noise of the photodetector. 
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1. Introduction  

Optical-to-electrical (OTE) conversion is a key part of 
many modern technologies such as optical frequency combs, 
optical spectroscopy, telecommunications networks, clock 
standards [1–3] along with time and frequency distribution 
networks [4–6], rangefinders [7], lidars and many more. 
With the increased availability of inexpensive high-
frequency electronic and optoelectronic components, even 
more application areas are attracting market attention.  

In each of these applications, it is important that the 
OTE conversion does not affect the end result, but real-
world measurements show significant impact on signal 
delay during this conversion. Intensive research has shown 
that the delay in various types of photodiodes (PDs) 
depends on the intensity of the incoming optical signal or, 
in other words, on the average photocurrent flowing 
through the PD. These optimal points of the photocurrent 
are known as ‘null points’, for which the phase noise of 
such conversion is the lowest. For this reason, many attempts 
have been made to reduce this negative effect by finding 
‘zero points’ or improving the design of PDs [8–11].  

Unfortunately, many other factors affect this conversion. 
It was proven that the PD reverse polarization (bias) 
voltage also has a notable influence on the OTE 
conversion, along with the signal frequency at which the 
conversion is done. A very interesting explanation of these 
phenomena refers to changes in the carrier (electrons and 
holes) velocity in the p-i-n junction. The drift velocity is 
strongly dependent on the electric field in the depleted 
region of the junction, but photocurrent and bias voltage 
strongly affect this electric field. There are works that have 
attempted to investigate and explain this relation [12–16]. 

With the continuous improvement of highly integrated 
RF chipsets, test setups for electro-optical conversion in 
PDs are becoming cheaper and simpler as the use of 
advanced, complex, and expensive components such as 
pulsed lasers, EOM, or AOM modulators can now be 
replaced by cheaper and more integrated solutions. To 
prove this, the authors constructed two test circuits to 
accurately characterise the AM-to-PM effect in two types 
of PDs. They are based on high-performance I/Q 
demodulators from Texas Instruments, widely used in 
modern RF and telecommunications applications. These 
integrated devices work with signals up to 10 GHz, 
allowing the PDs to be characterised at a specific frequency. 
The idea is relatively simple, intuitive, and, importantly, 
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affordable for a commercial solution compared to other 
works such as Refs. 13 and 14. The proposed configura-
tions allow PDs to be easily, quickly, and directly charac-
terised over a useful input power range with a variation of 
various parameters such as signal frequency or diode 
polarization voltage.  

Novel measurement results performed with proposed 
setups confirming the importance of OTE conversion in 
high-speed p-i-n silicon, as well as InGaAs PDs are 
presented. Based on obtained data, for better understanding 
of the observed phenomena, a SPICE model of the tested 
silicon PD was created. In the article, it is also discussed how 
to reduce the impact of AM-to-PM effects in high-frequency, 
phase-sensitive optoelectronic applications working either in 
visible or infrared range. 

2. Silicon PD tests 

The experimental setup for measuring the effects of bias 
voltage on phase and AM-to-PM in a free-space silicon PD 
is shown in Fig. 1. A Hamamatsu S5973 high-speed PD 
was adopted as the diode under test (DUT). A small 
photosensitive area of 0.12 mm2 defines a high-frequency 
cut-off of 1 GHz at 3.3V bias. The authors decided to 
perform the test using a 1 mW 632.8 nm dual-mode HeNe 
laser tube, stabilized at modal equality. The tube outputs 
two perpendicularly polarized laser signals which can be 
easily beaten on a polarizer, forming a good quality AM 
signal. The optical interference of the two modes produces 
a beat frequency of 1084 MHz at a modulation depth of 
90% delivering a very good testing signal. Laser light is 
then split by a non-polarized beam splitter (BS) into 
reference and measurement arms. The reference detector, 
powered at a constant bias, provides a fixed-phase signal to 
the RF path of the quadrature (I/Q) demodulator. The 
measurement signal passes through a tunable neutral density 
(ND) filter and a retroreflector (RR) back to the DUT.  

The RR is mounted on a table with linear motion along 
the laser head and acts as delay line. This motion is 
necessary to reduce nonlinearities coming mainly from the 
RF electronics, as described in Ref. 17. In front of each PD 
(reference and DUT), there are linear polarizers set at the 
angle of 45 degrees. They are not shown for the clarity of 
presentation. 

The idea of the setup is based on a measurement of 
phase difference between the reference and measurement 
signals. The reference signal is obtained from the reference 
detector REF. The I/Q demodulator TRF371109 mixes 
signals from the reference and measurement paths, 

providing a two-dimensional low-frequency signal to the 
microcontroller (MCU). Because the beat frequency of the 
chosen laser was about 1 GHz, thus between detectors and 
the mixer were used transimpedance amplifiers and imped-
ance matched transmission lines. The phase difference is 
obtained by an arctan operation on the output signals of the 
I/Q demodulator. Before each measurement, the circuit is 
calibrated, i.e., the RR is moved along the beam by 
a distance equal to at least half the wavelength of the 
modulation frequency (in our case 14 cm), so that existing 
nonlinearities are compensated for by the MCU. The phase 
between the two arms was then measured. VBIAS voltage 
was changed, with the limits of the tested diode, i.e., from 
0 V to −20 V. During tests of AM-to-PM effect, the 
variable ND filter was used to reduce the light intensity. 

The advantage of the proposed test setup is its accuracy 
and sensitivity resulting from the fact that the I/Q 
demodulator works as a lock-in detector. Additionally, 
after calibration, the measurement procedure takes little 
time, thus a very precise measurement can be performed 
just by sweeping the bias voltage. The whole process can 
be automated with low effort making it possible to 
characterise batches of diodes during the production 
process.  

A fine measurement step delivered interesting informa-
tion about phase changes especially at low bias values. 
Observed phase shifts at different bias voltages and at four 
chosen settings of the ND filter are shown in Fig. 2. As can 
be seen, the dependence is nonlinear and is significant. At 
low bias voltage, the phase change increases with a visible 
threshold around 1 V. At about 1.9 V, a tipping point is 
observed. An increase of bias voltage above this point 
reverses the character of phase dependency. The phase 
delay can be easily converted to time delay by taking into 
account the period of the modulated signal. For example, 
a change of 10 degrees at 1084 MHz means a phase delay 
of 25.6 ps. 

Although the diode is specified to work at a recom-
mended bias of 3.3 V to achieve a 1 GHz bandwidth, it was 
found out that even at no bias voltage, the output signal 
amplitude was strong enough to deliver viable measure-
ment results. This would mean that there is a possibility of 
using the S5973 PD in low noise, high-frequency application 

 
Fig. 1. Experimental setup. Optical paths are red and electrical 

paths are black or blue. 

 

 
Fig. 2. Measurement results of bias to phase dependence for 

different powers of incident light. A measurement 
step of 0.1 V was used. For clarity of the graph, the 
tick points are reduced. 
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circuits where diode reverse polarization is avoided. 
Observed phase change character is qualitatively quite 
similar to characteristics of electrons and holes velocity in 
a p-i-n junction previously reported and theoretically 
described in the literature [13]. 

For further analysis, a widely adopted AM-to-PM 
conversion coefficient α was used. It is defined as:  

 
Δ Δ ,

Δ / Δ /
φ φα

P P I I
= =  (1) 

where P is the incident power, and I is the photocurrent.  
Because of the type of laser source used in the 

measurement setup, both denominators in (1) are constant 
at any input power. If the conversion coefficient for the 
measurement results is calculated (Fig. 3), then clear global 
minima can be seen around 1.9–2.0 V bias. The minima are 
narrow, but keeping the bias voltage for the tested diode in 
that range delivers the possibility of reducing phase noise 
coming from OTE conversion. A similar effect can be 
obtained at bias voltages close to the PD limits, i.e., 
between 18.0 V and 20.0 V. The disadvantage of this 
choice is the need for a high voltage usage which requires 
a noisy DC-DC step-up converter in battery powered 
devices or another voltage converter for main powered 
applications. The value of bias voltage recommended by 
the manufacturer turned out to be a poor choice for low 
phase noise applications.  

Another view on the conversion coefficient is shown in 
Fig. 4. There is a plotted dependence of α on the incident 
optical power with bias voltage as a parameter. The points 
of optimal value of conversion coefficient were registered 
to be within 310 W to 440 W of the input signal varying 
with the bias voltage except for 0 V bias. At this voltage, 
an optimal point was not registered. It can be predicted 
through extrapolate on that the optimal point at a very low 
bias should be at optical power above 500 W.  

3. InGaAs PD tests 

The system for testing silicon PDs has limitations 
regarding modulation frequency and output power due to 
the He-Ne laser used. Fortunately, in the case of the system 

for testing InGaAs PDs (Fig. 5), it is much easier to find 
a laser source with an integrated optical amplitude 
modulator and a wavelength that matches the sensitivity 
region of such PDs. A DFB laser with an integrated electro-
absorption modulator (EAM) and thermoelectric cooler 
(TEC) was chosen. The TEC allows the laser parameters to 
remain the same at any laser output power. The output 
power can vary from about 150 mW to 8 mW, but only 
about 30% of the output power is present at port 3 of the 
circulator. Frequency synthesis and I/Q demodulation are 
performed by the Texas Instruments LMX8410L in this 
setup. The IC can generate and mix RF frequencies from 
4 GHz to 10 GHz. An RR is used for the same reason as in 
the first setup – signal delay is necessary to reduce 
nonlinearities in electronic circuits. The differences in 
circuit design [fiber circulator (CIRC), off-axis parabolic 
mirror (OAPM)] are due to the use of fibre-coupled 
components. 

A Wooriro WPPTR100FNTCNC 10 Gbs receiver 
optical sub-assembly (ROSA) was used as DUT. The 
device contains a PIN InGaAs PD with an integrated 
transimpedance amplifier (TIA) and an LC/PC optical fibre 
connector, which is standard in telecommunication devices 
such as optical SFP+ transceivers. The RSSI output of the 
ROSA was adapted to measure the incident optical power 
to the PD rather than using optical power meter.  

 
Fig. 3. AM-to-PM conversion coefficient change against 

bias voltage. 

 

 
Fig. 4. AM-to-PM conversion coefficient change against 

optical signal strength. 

 
Fig. 5. Experimental setup for testing fibre-coupled PD for 

1500 nm. Optical paths are red, fibre parts are green 
and electrical paths are black or blue. CIRC – fiber 
circulator, DUT – device under test, TEC – 
thermoelectric cooler, OAPM – off-axis parabolic 
mirror. 
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In order to prove the functionality of the setup, a series 
of measurements was performed. Unfortunately, for this 
kind of device, it is impossible to change the bias voltage 
of the PD, but this time, the authors focused on the incident 
optical power influence and input signal frequency on a 
phase shift of a fibre-coupled InGaAs PD electrical output. 
The DUT was tested at six different frequencies between 4 
and 9 GHz with a 1 Hz step. The signal at 10 GHz had too 
low amplitude to trust this measurement. The incident 
optical power was swept linearly from 50 μW to 2400 μW 
with 8 μW steps. In Fig. 6, here are shown measurement 
results obtained with the developed setup in fully automatic 
mode – only calibration was done manually.  

The obtained results show that at low input powers, 
there is a noticeable phase delay difference between signals 
of different frequencies. This fact is of the utmost 
importance, especially in coherent optical systems, but in 
general, phase shift is significant at a given input optical 
power range. This fact would be non-negligible, for 
example, in passive telecommunication networks.  

Reduction of the AM-to-PM effect would be possible 
when choosing working points with the lowest conversion 
coefficient α defined by (1). As shown in Fig. 7, a few  
‘null points’ for each signal frequency were observed. They 
are available at low input power and around 1.5 mW. 
Theoretically, the PD should saturate at 1500 μW, but the 

authors achieved a conversion up to 2400 μW of incident 
optical power. Plots are offset to 0 degrees at 1000 μW to 
show that increasing optical power can reduce phase shift 
at different frequencies. Changes of the phase are less rapid 
and similar at every frequency. 

For the best effect, the optimal points should be found 
for every application, and the authors’ setup seems to be 
the perfect tool for searching for those points.  

4. Results analysis 

The proposed measurement setups provide accurate, 
high-resolution measurements that can be used to create a 
PD model that takes into account the dependence of signal 
delay during OTE conversion with respect to the bias 
voltage and intensity of the incoming optical signal.  

In the literature, many different models of a p-i-n-type 
PD with varying degrees of complexity have been 
proposed. The standard approach is to model a PD with 
a SPICE electrical circuit composed of current source and 
passive RLC elements [18–20]. Another approach, which 
also takes into account the effect of a carrier transit-induced 
time delay and the effect of stored charge in high-power 
operation, uses an additional voltage-controlled current 
source (VCCS) in electrical circuit as transit-time element 
[21]. It is worth mentioning that values of resistance and 
capacitance in this model change as a function of incident 
light, as well as bias voltage. Numerous variations of this 
concept have been proposed for different designs of PDs 
[22, 23]. Attempts have also been made to add elements 
defined by a mathematical equation to the electrical circuit 
model, including nonlinear ones [24, 25].  

In order to be able to reproduce the nonlinear phase 
delay of the signal during OTE conversion in PD, the 
authors have combined the discussed approaches and 
created their model of PD shown in Fig. 8. The model is 
SPICE-based and includes current source I1 which acts as 
incident light (photocurrent), transit time and responsivity 
part modelled as Rt, Ct, and VCCS, inner diode modelled 
as a Cj, Rj, contact structure represented as Rs, Ls, and Cp. 
Resistor RL was used to model a PD load. Component 
values are described as mathematical equations with 
respect to the polarization voltage, especially, the junction 
capacitance Cj as it is well defined in literature.  

Components in the model were characterised to fit the 
data obtained at the highest input power of 498 μW in the 
S5973 silicon PD. A comparison of the simulation and the 
measurement is shown in Fig. 9. The shape at low bias 
voltage was mainly influenced by the transit time block 
delay, while the other part of the chart was modelled mainly 
with Cj and Rj components. Because the DUT was a highly 
integrated element, the influence of parasite components 
Rs, Ls, and Cp was relatively low.  

 
Fig. 7. AM-to-PM conversion coefficient change against 

optical signal strength for the InGaAs PD. 

 

 
Fig. 8. Electrical model of p-i-n PD. 
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Fig. 6. Measurement results of bias to phase dependence for 

different powers of incident light for InGaAs PD. 
Plots are offset to 0 degrees at 1000 uW. 
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5. Conclusions 

The authors have shown that using the proposed setups, 
the AM-to-PM effect in p-i-n silicon and InGaAs PD can 
be accurately characterised at different bias voltages, 
incident optical powers, and signal frequencies which 
allowed to find ‘null points’ in the tested PD. Setups based 
on I/Q demodulators and a delay line can be used to test 
PDs both in free space and fibre-coupled with a reference 
signal generated internally using a frequency synthesizer or 
externally using the beat frequency of a He-Ne laser. Both 
systems can perform high-speed measurements in an 
automated manner – characterisation of the InGaAs PD 
was performed almost fully autonomously. The presented 
systems are simple and more affordable compared to other 
solutions presented in literature. That gives the possibility 
to use such setups in commercial solutions.  

Presented silicon p-i-n PD SPICE model almost 
perfectly reproduces real measurements of the S5973 PD, 
which is important for further analysis of that nonlinear 
phase change in other PDs.  
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