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Abstract — We present two different ways to calculate RF output power of today’s complex photodetectors accurately
and efficiently by solving drift-diffusion equations. Numerical results show a very good agreement with measurements.

I. Introduction

Semiconductor photodetectors, which convert incident optical signals into electrical currents, are widely used in optical
communication, opto-electronic, and RF-photonic applications that require large bandwidth, high efficiency, and low dark
current [1]–[3]. However, designing photodetectors that meet all the requirements is a nontrivial task due to the design
trade-offs [1]–[3], e.g., smaller photodetectors have a larger bandwidth but generate a weaker output current. In order
to understand a photodetector’s performance, it is necessary to find photodetector’s RF output power spectrum either
experimentally or numerically. Obtaining numerical results quickly can help to reduce costs and save time.

RF output power spectrum of a photodetector can be obtained numerically by solving the drift-diffusion equations [3],
[4] assuming either a broadband or a monochromatic modulation. The former yields the entire spectrum in one run but
it is not parallelizable. The latter gives an RF output power value at a single modulation frequency, but by it is possible
to run the same code in parallel on many nodes, which significantly reduces the computation time.

II. RF Output Power: Numerical vs. Experimental Results

In this work, we study an InGaAs/InGaAsP/InP modified uni-traveling-carrier (MUTC) photodetector, which has 15
layers with varying thicknesses and doping levels as shown in Fig. 1(a). The photodetector is reverse-biased (Vbias = −9
V) and under a continuous wave laser illumination (λ = 1550 nm) that is modulated by an RF signal. The diameters
of the incident beam and photodetector are 40 µm and 28 µm, respectively. The load resistance is 50 Ω. The output
current and hence the output power of the photodetector can be calculated by solving the drift-diffusion equations in a
similar fashion to the finite-difference time-domain method [4] in two different ways as follows.

Approach 1: Assume, we use the following expression to define a broadband modulation

Pin(t) = P0 (1 +m× sinc(2 × fmax
mod × (t− Tmax/2)) , (1)

where sinc(x) = sin(x)/x and fmax
mod is the highest frequency of interest, m is the modulation depth, t is time, and Tmax

is the largest t value. Figure 1(b) shows this non-uniform modulation in time-domain. The fast Fourier transform (FFT)
of this signal gives almost a constant magnitude in frequency-domain for all the frequencies from 0 to fmax

mod = 100 GHz,
as illustrated in Fig. 1(c). Assuming an 8% modulation depth, m = 0.08, and a broadband modulation defined in (1),
we can obtain the RF output power spectrum in one run by (i) solving the drift-diffusion equations to obtain the output
current (Ioutput) and (ii) taking the FFT of the I2

outputRload/2 as shown with the blue curve in Fig. 1(d).

Approach 2: Assume we define a monochromatic modulation with the following expression

Pin(t) = P0 (1 +m× sin(2 × π × fmod,i × t)) , (2)

where fmod,i is ith RF modulation frequency, where i = 1, 2, · · · , Nrun and Nrun is the total number of the simulations.
Assuming same amount of modulation depth, we can obtain the RF output power at the modulation frequency of fmod,i

by (i) solving the drift-diffusion equations to obtain the output current (Ioutput) and (ii) calculating I2
outputRload/2.

At the modulation frequency, f0 = 1 GHz, we can complete this computation with very high accuracy on a regular
computer in 20 minutes. To calculate the output power at other modulation frequencies, fcomp,i for i = 1, 2, · · · , Nrun,
we can scale the optical excitation duration (Tmax) and time-stepping (∆t) linearly with frequency to maintain the
same accuracy level, e.g., Tmax = 10f0/fmod,i guarantees the existence of 10 oscillations in the output current due to
RF modulation. On a computer with M -nodes, we can benefit from parallel computing and achieve keeping the overall
computation time to be around 20 ×Nrun/M minutes.
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In Fig. 1(d), we compare the experimental results with the numerical ones obtained with both approaches briefly
discussed above. For the broadband calculation, fmax

mod is set to 100 GHz just to show the effectiveness of this approach.
However, in order to keep the computation time moderate, ∆t for broadband calculation is 5 times smaller than the
∆t for the monochromatic calculations, even though the fmax

mod/f0 = 100. It should be also noted that the accuracy
of the broadband calculation depends on the number of periods included in the modulated signal. Having Tmax =
20 ns corresponds to 20 periods at the frequency of 1 GHz. The FFT of a sinc function with 20 periods shows slight
differentiations (oscillations) for frequencies lower than fmax

mod . As a result, these two factors cause slightly different behavior
in the output power spectrum as can be seen in Fig 1(d) but the difference is less than 1 dBm even in the worst case.
Table I provides a comparison of the simulation parameters and run times.

Fig. 1. (a) Structure of the MUTC photodetector. Broadband modulated signal in (b) time- and (c) frequency-domains. (d) RF output power
spectrum: experiment (red circles) vs. broadband calculation (blue curve) vs. monochromatic calculation (black curve).

TABLE I. Numerical simulation parameters used in broadband (middle column) and monochromatic (right column)
calculations. Tmax: duration of the optical excitation. nts = Tmax/∆t: number of time-steps. Nrun: number of simulations.

tcomp,i: amount of time spent to complete one iteration.

Broadband Calculation Monochromatic Calculation
Tmax (ns) 20 10f0/fmod,i

∆t (ps) 1 5f0/fmod,i

nts 20,000 2000
Nrun 1 8

tcomp,i (min.) 180 20

To lower the computation time of the broadband simulations, one might use other types of modulation expressions,
such as the Blackman-Harris window function [5], which decays faster than a sinc function in the time domain. In that
case, the output spectrum should be normalized with respect to the spectrum of the input modulation function. In such
implementations, the computation time of the broadband calculation can be as low as the computation time of a single
run in the monochromatic modulation. At the conference, we will provide a detailed comparison of the efficiency and
accuracy of the calculations done with different broadband modulation functions and the rules to choose the optimum
simulation parameters to assure the minimum computation time for the desired accuracy level.
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