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Abstract—The dynamic behavior of the optical-microwave mix-
ing process is investigated in detail. First, the dynamic properties
of mixing and detection are compared. With increasing optical
modulation frequency a more remarkable decay is obtained in
the mixing product than in the detected signal. Based on the
investigations there is a further reason for the decay in the
mixing product beside the time constant exhibited by the barrier
depletion region: the optically induced substrate current which
doesn’t contribute to the mixing effect. To describe the operation
of combined optical-microwave mixing effects a new approach,
the parametric method is introduced which provides a better
description for these processes.

I. INTRODUCTION

HE aim of the present paper is to investigate the dynamic

properties of optical-microwave mixing and to determine
the relationships governing these processes. For that purpose
experiments are carried out. Based on their results a new
approach is presented to describe the effect of interaction
in the semiconductor device under simultaneous optical and
microwave drive.

Optical-microwave mixing experiments have already been
performed to disclose the behavior of that type of interac-
tion and to determine its properties [1]-[3]. The experiments
provided significant knowledge on these problems although
some questions remained without the right answer. The strong
frequency dependence of optical-microwave mixing has al-
ready been observed [4], [5], however. its reason was not
investigated in detail yet. Nevertheless, the dynamic properties
are very important in many applications when the light is
intensity modulated by a high frequency or high bit rate
signal. This paper will try to fill this gap up presenting
new experimental results on and description methods for the
dynamics of optical-microwave mixing processes.

The dynamic behavior of the FET device as an optical
detector has already been investigated both theoretically and
experimentally [6], [7]. The main result of that investigation is
the time constant atiributed to the barrier between the substrate
and the epitaxial layer. That time constant is considered during
our mixing tests as well. However, it can not be used for the
proper characterization of the dynamic effects involved in the
mixing process. Therefore, measurements are performed on
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FET devices when they are driven by a microwave signal and
simultaneously illuminated by an intensity modulated laser
beam.

According to the measurement results, the frequency de-
pendence is different in the case of mixing and detection.
With increasing modulation frequency the mixing product is
first strongly decreased, then its decrease is reduced. The
frequency dependence in the range where the reduced decay is
observed, can be justified by the time constant of the barrier.
However, the first, more pronounced decay should be the result
of another effect as it is explained in this paper.

Understanding the optical-microwave mixing process of-
fers new solutions for many applications, e.g., in subcarrier
multiplexed optical communications [8], [9].

II. METHOD OF INVESTIGATION

In the well known approach the effect of illumination is
represented by the photo-voltage appearing across the gate-
source capacitance [6], [10]. This method is well applicable to
describe the static characteristics and the quasistatic behavior
of the device. For example, the low frequency photo-detection
follows the predicted performance using the photo-voltage
concept. The dynamic property of the photo-detection is
represented by a time constant reducing the detected signal
with increasing modulation frequency [6].

In this paper another approach is presented. That is called
the parametric method. It is based on the effect that the
amplification of a FET device is modified by the light intensity
illuminating it [11]. The amplifier is considered as a black box
characterized by the scattering parameters. The main interest is
in the transfer characteristics that means in the Sy; scattering
parameter because the input and output are matched to 50 Ohm
transmission lines in a wide frequency range. The effect of the
optical signal is considered as a perturbation and is described
by the parametric variation of the S2; scattering parameter.

III. OPTICAL-MICROWAVE MIXING MEASUREMENTS

The combined optical-microwave mixing process is now
investigated experimentally. The investigations are carried out
on a microwave amplifier-mixer containing a FET device
which is illuminated by an intensity modulated lightwave.
The microwave amplifier-mixer is developed utilizing a FET
device type HP 1101 which is opened to get the light in. The
material of the device is GaAs therefore an optical wavelength
of 780 nm is used to illuminate its active region. The laser
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Fig. 1. Mixing product as a function of the modulation frequency. The
parameter is the gate-source voltage Vys. (a) Vs = —3.5 V, (b) Vs = —4.0
V,and (c) V3o = —1.5 V.

beam is intensity modulated, the modulation frequency is
swept in a wide range. The laser beam is focused by two lenses
to produce a light spot with a diameter of approximately 100
pm. The microwave input signal has a frequency of 2.1 GHz,
and a power level of 0 dBm. The average light intensity is 1
mW. The drain-source voltage is 3 V.

In Fig. 1 the mixing product is plotied versus the modulation
frequency which is varied from 30 MHz to 500 MHz. The
parameter of the curves is the gate-source voltage: it is —3.5
V for curve a, —4.0 V for curve b, and —1.5 V for curve
c. The input power of the laser driving circuit is 0 dBm.
Thus the optical modulation depth is approximately 3%. The
maximum of the mixing product is obtained close to the
pinch-off voltage. However, the mixing product is significantly
decreased with increasing modulation frequency. The decay is
rather high, and it is a function of the bias as well. At —1.5V
gate-source voltage the decay is much less than close to the
pinch-off voltage.

Investigations are carried out to test the effect of the driving
level as well. In Fig. 2 the effect of the modulation signal level
is shown. The mixing product is plotted versus the modulation
frequency. The parameter is now the modulation signal level
at the input of the laser driving circuit: it is 5 dBm for curve
a, 0 dBm for curve b, —5 dBm for curve ¢, and —10 dBm for
curve d. As seen the shape of the each curve is the same. Thus
the dynamic behavior of the mixing process is not dependent
on the optical modulation depth which is proportional to the
modulation signal level.

Further investigations have also been carried out to test
the effect of the microwave signal level. According to these
measurements the dynamic behavior of the mixing process is
not dependent on this level.

IV. COMPARISON OF DETECTION
AND MIXING BY FET DEVICES

The optical detection by FET devices has already been
investigated involving its frequency dependence [6], [12].
According to this investigation there is a decrease in the
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Fig. 2. The mixing product as a function of the modulation frequency. The
parameter of the curves is the modulation signal level of the driving circuit
Pp,: (@) Py, = 5 dBm, (b) Py, = 0 dBm, (¢c) Py = —5 dBm, and (d)
P, = —10 dBm.
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detected signal with increasing modulation frequency and this
effect is due to the time constant of the barrier depletion region
between the substrate and the epitaxial layer. However, there is
a question whether the dynamic properties in the detection and
mixing modes are the same. For that purpose measurements
were performed on the same circuit in the optical detection
mode, too. The comparison is carried out based on these
results.

Comparing the dynamic properties of the detection and
mixing processes a significant discrepancy is observed. The
decay in the mixing product is higher—mainly at low frequen-
cies—than in the detected signal. Another significant deviation
is that the decrease in the mixing product is proportional to
the modulation frequency even at low frequencies, however,
the decrease in the detected signal is developed slowly, step-
by-step when the modulation frequency is increasing.

The comparison is based on the physical processes in the
device under illumination. In the detection mode of opera-
tion the optically generated charge carriers are contributing
to the detected electric current in both depletion regions
below the gate and between the substrate and the epitaxial
layer by changing the height of the conductive channel.
Beside that effect the charge carriers generated in the substrate
are also participating in the detected current. Therefore, the
frequency dependence of the detected sighal is determined
by the conductive channel current and the substrate cur-
rent.

On the other side, in the mixing mode of operation the
contribution of the substrate current in the generation of the
mixing product is negligible because in the substrate there
is neither a nonlinear nor a parametric effect. The mixing
products are created mainly in the conductive channel. This
way their power level is somewhat lower and their frequency
dependence is higher [4], [5]. There are two reasons for it:
the time constant exhibited by the depletion region between
the substrate and the epitaxial layer and the optically induced
substrate current which is increasing with the modulation
frequency and doesn’t contribute to the mixing effect.
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V. PARAMETRIC DESCRIPTION OF THE OPTICAL EFFECT

To describe the combined optical-microwave mixing pro-
ess introduced. That means the transfer function of the circuit
is dependent on the light intensity {11}, [13]-[15]. According
to that approach the output wave by is given by the product
of the input wave a1 and the Ss; scattering parameter

(M

bz = 521(11.

The mixing process can be considered as a perturbation
because the optical modulation depth is usually small. There-
fore, in the further calculations S51¢ the scattering parameter
at the average light intensity is used along with its perturbation
caused by the variation of the light intensity

So1 = Sa10[l + A(Pro)(Pr — Pro)l- (2)

The S5, scattering parameter i3 proportional to the transcon-
ductance. It has already been demonstrated that the effect of
illumination on the transconductance follows a logarithmic
relationship [14]. That is valid for the S3; scattering parameter
as well

521 - SQld

=ylg(1+ Pr/Pr,).
So14

(3)
Sa14 18 the scattering parameter in the dark case. Pr, is light
power, Pr, is the reference light power, and +y is a coefficient.
S214 and ~y are dependent on the bias voltages.

Now [3(Pro) is determined based on the logarithmic rela-
tionship

P, =0.4343 —
A(Pra) Pry + P,

S214
1

g (L+ Pp/Ppy)

The input wave has a sinusoidal time function «; =
19 €08 (wst) where aq is the input wave amplitude, w; is
the angular frequency of the input wave, and ¢ is the time.

The incident optical beam is also intensity modulated by a
sinusoidal time function P, — Prg = mPrgcos (wpt). Here
Prg is the average optical power, m is the optical modulation
depth, and w,, is the angular frequency of the modulation
signal.

Thus the output wave is obtained as

C)

by = S1010 cos (wst) + Saymaig
) 0.4343 Pro
lg(1+4 Pr/Pr,) Pro+ P,
- €08 (wy &= wnt).

SQI - SQld
Sa1d

)

VI. EXPERIMENTAL VERIFICATION OF THE NEW APPROACH

The scattéring parameters So; and Ss14 are also determined
by measurements on the circuit. The average light power
Pro =1 mW and the reference light power Pr,. = 1 uW.

As it has already been seen from the previous mixing
measurements there is a significant decay in the power level of
the mixing product when the optical modulation frequency is
increased. To consider this effect a dynamic transfer coefficient
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Fig. 4. Static and dynamic nuxing products versus the gate-source voltage.

|H(jw, )| is introduced into the equation providing the mixing
product

S21 — So14

bZOmm = 0~072521ma10 S
21d

|H(jwm)|  (6)
where bogm,. 1S the wave amplitude of the mixing product at
the angular frequencies of ws + w,,,. The above values of Prg
and Pj,. have already been substituted.

Fig. 3 shows the measured power gain (which is propor-
tional to the square of the transfer scattering parameter, |Sa; |?)
versus the gate-source voltage at the microwave frequency of
2.1 GHz. The lower curve refers to the dark case, and the
upper curve is valid when the device is illuminated by a light
intensity of 1 mW. The input level of the microwave signal is
0 dBm. The drain-source voltage is 3 V.

Based on these measurement results the static (or low
frequency) mixing product is calculated using (5) without
applying the dynamic transfer coefficient | H (jwp, }|. The result
is presented by the upper curve of Fig. 4 as a function of
the gate-source voltage. The lower curve in Fig. 4 shows the
measured dynamic mixing product at a modulation frequency
of 300 MHz again as a function of the gate-source voltage. The
shape of the curves is very similar. The maximum is obtained
at the same gate-source voltage.

However, there is a big difference in the level of the
calculated static and the measured dynamic mixing prod-
ucts. The reason is that the dynamic transfer coefficient
|H (jwm )| was not considered yet. To determine |H (jwy,)l
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Fig. 5. Mixing product measured as a function of the modulation frequency
including the close vicinity of the carrier.

further measurements are done in a range of the modulation
frequency including the close vicinity of the carrier as well.
The modulation frequency is now varied from 2 MHz to 425
MHz. The result is plotted in Fig. 5 with a gate-source voltage
of —3.3 V providing maximum static mixing product. The
input power of the laser driving circuit is 0 dBm, thus the
optical modulation depth is approximately 3%. As seen the
level of the mixing product near the carrier is —25 dBm which
is in a good agreement with the calculated static value. Further
the decay at 300 MHz is 22 dB compared to the previous level.
That is exactly the difference between the two curves in Fig. 4.
Thus, |H (jw,)|? is obtained from Fig. 5 as the power level
difference of the mixing product at the specific modulation
frequency and very close to the carrier. (The resonant decay
around 20 MHz should be avoided.)

Looking at the two curves in Fig. 4 another smaller devia-
tion between the static and dynamic curves is also observed.
That is the difference in the shape of the curves approaching
the zero gate-source voltage. The reason is that the decay in
the mixing product is dependent not only on the modulation
frequency but also on the gate-source voltage. This decay
is smaller when the magnitude of the gate-source voltage is
smaller, That is the reason why the measured dynamic curve of
the mixing product is not horizontal but elevating approaching
the zero gate-source voltage.

VII. CONCLUSION

In the paper a new approach, the parametric method is
presented to describe the operation of combined optical-
microwave mixing processes. The new approach provides a
better description of these processes. The dynamic behavior
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is investigated in detail. A remarkable decrease in the mix-
ing product is obtained with increasing optical modulation
frequency. There are two reasons for it: the time constant
exhibited by the depletion region between the substrate and
the epitaxial layer and the optically induced substrate current
which is increasing with the modulation frequency and doesn’t
contribute to the mixing effect.
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