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Abstract

In this paper we study the radio frequency (RF) signal proper-
ties generated by direct mixing two laser beams, which can
be used in very high frequency (e.g. terahertz) communica-
tions. We show the supply source stability has a critical effect
in this procedure. It can broaden the RF signal spectrum up to
1 GHz. Although the linewidth of the lasers is the main factor
determining the spectral width of the generated RF signal, the
supply source instability also has a very significant contribu-
tion. In this paper we show the effect of these parameters by
simulations and measurements.
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1 Introduction

The radio frequency (RF) information transmission by radi-
ation is widely used because of the easy installation of these
links. However, the frequency bands allocated for communica-
tions are limited and they are already saturated because of the
popularity of mobile networks. High data rate communications
usually has to cover small areas (tens of km), because it is used
frequently to transmit the raw video from the stadium to the TV
studio for further signal processing. These kinds of applications
are possible by using 100 GHz and higher frequencies as car-
riers. The conventional RF techniques at this frequency cannot
be used or it is too expensive for commercial application. At
the receiver side the uni-traveling-carrier photodiode (UTC-
PD) is applied for the terahertz signal detection, which lim-
its the data rate and distance of the transmission. Many papers
presented [1-4] a demo terahertz system using these diodes,
but the achieved maximum transmission distances were around
1 m. At the transmitter side the critical point is the carrier gen-
eration. Its frequency has to be stable with small phase noise.

Recently the carrier generation in the terahertz frequency
domain is done more frequently by optical processes, e.g. mix-
ing two laser beams. A significant benefit of the optical car-
rier generation is the easy tuneability. It provides fast and wide
band tuning. In the optical solution the noise does not depend
on the tuning facility.

The aim of the present paper is to investigate the stability
problems of high frequency signals generated by direct mixing
two laser beams. The investigations are carried out by doing a
case study using simulations. The effects of the laser linewidth
and the supply source stability are studied on the noise spectral
width of the generated RF signal.

2 Mixing two independent laser beams

Mixing two independent laser beams is the simplest RF
carrier generation method using optical components. It needs
only two lasers (at different frequencies), a photodiode and
an optical coupler, which couples the two laser beams into a
photodiode as shown in Fig. 1. The signals of two continuous
wave (CW) lasers are combined by a high directivity coupler
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or hybrid avoiding this way any interactions between the lasers
like mutual injection locking by reflections due to mismatches.
The mutual injection locking cannot occur in the case when the
laser locking bands do not overlap each other. The combined
two laser beams are mixed in a photodiode. The photodiode has
a quadratic characteristic therefore the frequency difference of
the two CW lasers, the radio frequency, will appear at the output
of the photodiode beside the DC component from the unmodu-
lated laser sources. The photodiode signal can be written as [7]:

e

where K is a proportionality constant. The signals of the CW

P= KlECWl +Ecy,

|2

lasers have the following complex forms [7]:
E = Aoy, ~exp(—j[colt + @1])

. (2)
Ecyy = Aews -exp(—] [a)zt + ®2])

where A is the amplitude, ® is the phase, and o is the angular
frequency of the laser sources. Substituting Eq. (2) into Eq. (1),
we get the mathematical form of the electrical signals at the
output of the photodiode [7]:

P(t) = KA(27W1 + 1<AZ‘W2
+2KA Ay r COS(0pt + O, +O,)
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where ©__is the frequency difference between the two CW
lasers:

WOpp = O — @,

“

The benefit of the photodiode signal mixing is the lack of the
other mixing product, ®;, .

Wppy = O + O,

(6))

The photodiodes have limited bandwidth therefore the sum
frequency product of photomixing is usually out of the photo-
diode bandwidth. The RF is determined by the frequencies of
the two CW lasers. The laser wavelength is dependent on the
bias current and consequently varying the bias current the fre-
quency of the mixing product is changed.

Laserl

N

Coupler |—— Photodiode—» RF

Laser2

Fig. 1 Direct carrier generation method for terahertz carrier signals.

The generated RF can be tuned by temperature or by using a
tuneable laser source. In the former case the tuning frequency
range is around a few hundred GHz, which can be enough in
most cases. Frequency tuning with temperature is one benefit
of that method.

Table 1 Parameters of the simulated and measured laser.

Simulation

Laser nominal frequency 193.12 THz
Relative Intensity Noise -130 dB/Hz
Optical power I mW
Current Injection Efficiency 1
Current (if not swept) 100 mA
Linewidth (if not swept) 20 MHz
Wavelength-current coefficient 0.04 nm/mA

Measurement
DWDM laser linewidth 20 MHz
DWDM laser current 20 mA
Laboratory laser linewidth 50 MHz
Laboratory laser power 3 dBm
Wavelength-current coefficient 0.04 nm/mA

3 Simulations

Simulations and measurements were made at 10 GHz,
because we would like to demonstrate the effect of the power
supply instability and laser linewidth also by measurements and
not only by simulations. Lasers from the shelves provide direct
mixing methods up to 20 GHz, therefore we selected the half
of that frequency range. The linewidth and the power supply
instability effects are similar at 10 GHz compared to 100 GHz
but in the former case they have relatively higher effect on the
RF signal, which can help their investigation.

The quality of the generated RF signal is determined by the
CW lasers. The linewidth, the temperature and the forward cur-
rent of the lasers are the main factors which highly affect the
RF signal quality. The dependence of the RF signal from these
factors, except the temperature, was simulated by VPItransmis-
sionMaker (VPI). The laser temperature is used for tuning the
RF in this method. Because it is a controlled parameter, which
directly affects the RF signal, the temperature dependence of
the lasers was not simulated. The radio frequency accuracy
depends on the temperature control loop stability of the lasers.
Fast temperature control results in large overshoot which will
tune away the laser frequency. Therefore, the speed of the con-
trol loop has to be as small as possible to avoid fast frequency
changes caused by the temperature variations. On the other
hand, the temperature has to be kept very stable or the RF will
be tuned away by 10 GHz or more. It depends on the tempera-
ture coefficient of the laser.

The emitted light frequency of the laser changes, when the
laser current is increased or decreased. There is always a small
change in the power supply, so this uncertainty can appear as
the instability of the radio frequency. This effect was simulated
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by the VPI. However, the applied laser diode model was differ-
ent from our laser. It comes from simulation technique consid-
erations. Not all laser diode models can be used to simulate the
power change caused wavelength shift and those models, which
simulate this effect, are more complex and the parameters can-
not be obtained from the datasheet. On the other hand, showing
the current caused wavelength shift was more important, than
creating a proper model for our laser diode. In the VPI we used
the transmission line based laser model. It provides the most
accurate simulation in the VPI (noise, linewidth, ect.). This
model was different from our laser because of the previously
mentioned reasons. Based on the applied laser diode model the
frequency changed by 1 GHz if the bias current was increased
or decreased by 1 mA. This can cause high instability in the RF
signal. In the simulation the laser current was set to 100 mA.
Firstly, one of the current supply stability was set to 1 % toler-
ance, while the other current source provided constant current.
The stability means that the current of the source could change
1 % of the given constant value. In this case it was 1 mA. This
change followed a uniform distribution. The effect of the sup-
ply instability can be observed on the blue curve in Fig. 2. The
frequency of the detected signal was shifted in a 2 GHz wide
spectrum range. The RF was set to 10 GHz so this uncertainty
causes 20 % changes in the carrier frequency. It can highly dis-
tort the signal transmission. Therefore, the power stability is
much more important in this technique than we thought it first.
Secondly, the power supply stability was changed by 3 %. The
effect of the higher instability in the supply current can be seen
by the red curve in Fig. 2. The frequency shift was increased to
threefold, up to 6 GHz.
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Fig. 2 Current source instability caused shift in the RF frequency.

After that the currents of both lasers were changed by 1 %.
The result can be seen in the black curve of Fig. 3. This pro-
duced 3 GHz frequency uncertainty in the detected signal, which
is only 1 GHz higher compared to the case when only one of
the current sources was ideal. This simulation showed that both
supply affects the frequency of the RF signal. In the worst case it
will double the frequency shift compared to the first simulation.
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Fig. 3 Black curve: the stability of both laser current sources
was 1 %; blue curve: one of the laser source was ideal while

the current of the other source was changed by 1 %.

Higher supply current increases the uncertainty value of the
power supply, so the bandwidth of the generated RF will be
wider. Therefore, supply current was set to 300 mA, but the sta-
bility remained at 1 %. The result of this simulation can be seen
in Fig. 4 (green curve). The blue one shows the previous case
when the supply current was 100 mA. As we expected higher
supply current with the same stability caused a larger frequency
shift in the detected signal. This instability was 6 GHz, which is
the same when supply current was 100 mA with 3 % instabil-
ity. Although, the high supply current increases the power of the
radiated terahertz wave, there are limitations in this respect due
to the saturation and the conversion efficiency of the photodiode.
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Fig. 4 RF instability if the supply current is 100 mA (blue) and 300 mA
(green). The stability of the supply is 1 %.

The instability in the radio frequency is determined by the less
stable power supply. It can be seen in Fig. 5. If the two lasers were
supplied by 1 % and 3 % stable current sources (green curve), it
gave similar result to that case when the lasers were driven by
an ideal current source and a source with 3 % uncertainty (red
curve). In both cases the frequency change was 5-6 GHz.
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Fig. 5 Power supplies caused frequency instability. Blue: ideal source and a
current source with 1 % uncertainty. Red: ideal source and a current source
with 3 % uncertainty. Green: current sources with 1 % and 3 % uncertainty.

Our laser linewidth is between 5 MHz and 100 MHz, but in
the simulation it was set from the ideal (zero linewidth) up to
100 MHz. However, the first and last values are important only
theoretically. Higher laser linewidth increases the phase noise
therefore the RF signal accuracy will be worse. Zero linewidth
means the laser emits light only at a single frequency. Increas-
ing the laser linewidth its spectral bandwidth is increased, too.
In the simulation the non-zero linewidth modulates the laser
frequency. This kind of frequency modulation is driven by a
white noise source which has a Gaussian distribution. The vari-
ance of it is the linewidth parameter of the laser multiplied by
27. This modulation can cause that the RF signal bandwidth is
smaller or larger than the lasers linewidth.

Table 2 summarizes the effect of the laser linewidth on the
RF signal. In the simulation an ideal photodiode was used
because we would like to observe the photomixing effect with-
out any distortion. In the first simulation laser2 was ideal i.e.
with zero linewidth and the laser1 linewidth was changed. The
bandwidth of RF did not change linearly with the linewidth. Up
to few MHz the detected bandwidth of RF was approximately
constant, 70 MHz. RF bandwidth starts to increase when the
laser linewidth was higher than 100 MHz. 20 times higher
linewidth doubled the RF signal bandwidth. However, this ratio
is not so high, and this kind of uncertainty is not too much in
the terahertz range, but it can be critical if a signal with narrow
bandwidth is transmitted.

Table 2 contains the case when the other laser linewidth
was 20 MHz. It was set to 20 MHz because one of our laser
linewidth has the same value. The simulated values of RF
bandwidth are similar to the previous case, when one of the
lasers was ideal. Simulations show that the RF bandwidth is
determined by that laser which has larger linewidth. From
the simulation results it can be seen that a very small laser
linewidth does not decreases the RF signal bandwidth below a
bottom value. In our case it was 68 MHz and it increased as the
laser had higher linewidth. However, the spectral broadening

of the RF signal is a nonlinear function. It was saturated about
100 MHz. This dependence between the RF bandwidth and
the laser linewidth is not too high and may be another effect
covers it, but it exists and we have to take it into consideration.
The linewidth and the laser power are not independent from
each other. Higher laser power decreases the laser linewidth.
The relation between them can be written as [7]:

1
A=K (©)

where K is a proportionality constant, P is the laser power and
Af is the laser linewidth. The above equation shows that higher
laser power will decrease the linewidth of the lasers. However,
the laser linewidth has small effect on the RF signal, therefore
the high laser power caused other distortion can be larger than
the decreased linewidth caused signal improvement.

Table 2 RF signal bandwidth dependency on the laser linewidths.

Linewidth [MHz] RF signal (3 dB)

Laserl Laser2 bandwidth [MHz]
0.1 0 68
1 0 70
20 0 71
50 0 79
100 0 39.4
20 0.1 7
20 1 7
20 20 72.4
20 50 76
20 100 81.2

4 Measurements

For the measurements two kinds of lasers were used. One of
the lasers was a laboratory laser source with high stability and a
linewidth lower than 50 MHz. The other one was a commercial
laser source. It worked in a DWDM (Dense Wavelength Divi-
sion Multiplexing) system, before it was dismounted from the
board. Its linewidth is 20 MHz and its temperature coefficient
is 0.1 nm/C°. The RF was set up by the temperature to 10 GHz.
Fig. 6 shows the schematic of the measurements. The optical-
electric converter (O/E) contains a photodiode and an amplifier
with 20 dB gain.

First, the power supply effect on the RF signal was exam-
ined. Three cases were measured: DWDM lasers supplied by a
laboratory voltage source (used as a current source), then one of
the voltage sources was exchange to a laser driver, and finally
both of them were supplied by laser drivers. Each DWDM laser
current was 20 mA. The results are summarized in Table 3.
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Fig. 6 Schematic of the measurements.

Table 3 Power supply instability caused uncertainty in the RF, if the supply
current is 20 mA.

Supply source of the RF uncertainty

Photomixed lasers

DWDM lasers [MHZz]
voltage sources 315

two DWDM lasers voltage source, laser driver 147 /135
laser drivers 66

DWDM laser — with  Vvoltage source 490

a laboratory laser laser driver 69/15

Voltage source type power supplies were used for the
measurements because in the commercial equipments voltage
sources are used or the required current comes from a volt-
age source. When the DWDM lasers sources (supply of the
DWDM system) was used, the RF uncertainty was larger than
1 GHz. It is too large for the signal transmission. Therefore,
the lasers were dismounted from the board and were supplied
by Agilent E3631a voltage sources. The current of the volt-
age source was set to 20 mA and it was measured by a current
meter. The change of the current was 1 %. In that case the RF
moved in a 315 MHz wide range.

In the next step one of the voltage sources was changed to
a laser driver from Thorlabs. It halved the frequency uncer-
tainty to 147 MHz. Then the laser driver was changed to another
one (manufactured by ILX) to check which current source was
more precise. Using the ILX current source the RF was moved
in a 135 MHz wide spectrum range, which is less by 12 MHz
than in the previous measurement. If the lasers were driven by
laser drivers the RF uncertainty was 66 MHz. The frequency of
the photomixed signal can be more stable if one of the lasers
is constantly supplied as the simulation showed. Therefore, one

-15 ; . . .

Electrical power [dBm]

104 10.6 10.8 11

Frequency [GHz]

5 I
10 10.2

DWDM laser was exchanged to a laboratory CW laser source,
which has its own driving and temperature control circuit and
it cannot be manually controlled. This laser source was stable
enough to decrease the RF instability to 69 or 15 MHz depending
on the laser driver. The detected spectrum can be seen in Fig. 7.

The uncertainty in the photomixed signal frequency becomes
higher if the supply current of the laser is increased. The laser
wavelength is dependent on the bias current and consequently
varying the bias current the frequency of the mixing product
is changed. Now the laser current was set to 100 mA and its
result is that the RF can be found in a 97 MHz wide spectrum
range. Frequency of the DWDM lasers changed 1 GHz in aver-
age if the supply current changed 1 mA. That is the same value
as in our applied laser diode model of the VPI. However, the
frequency fluctuation is in the MHz range instead of the simu-
lation results providing about 1 GHz. In the measurements the
voltage sources generated a supply current with 1 % stability.
The measured 315 MHz instability is fewer than 0.2 part of
the simulated frequency shift. It can come from the differences
between the DWDM laser diode and the modelled laser diode.
All in all, we showed the supply current stability is very critical
in this carrier generation method. It influences the linewidth
caused signal distortion significantly. Higher supply current
caused smaller linewidth effect on the RF could not be observed
(Fig. 7), because of the supply instability.

5 Conclusion

We showed an RF carrier generation techniques which can
be used in terahertz communications. Mixing two independent
lasers suffers from many instability problems. In the simula-
tions it is easy to generate a stable RF carrier with this method,
but the reality showed a totally different result. The stability
of the supply current turned to be a very critical problem of
this method. If it is not stable enough, the frequency wander
can reach a few GHz. The laser linewidth affects the RF sig-
nal bandwidth in a nonlinear way. It has a bottom value which
cannot be decreased by a laser with smaller linewidth. We also
showed that the laser linewidth caused RF spectral broadening
has a saturation. However, this effect is much smaller than the

Electrical power [dBm]

10.4 10.6 10.8 1"

Frequency [GHz]

0 1
10 10.2

Fig. 7 Electrical spectrum of the photomixed DWDM and laboratory lasers, if the DWDM laser was driven by the ILX laser driver.
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power supply instability caused frequency uncertainty. The pre-

sent signal generation method has a significant advantage i.e.

the easy frequency tuning by varying the temperature of one of

the lasers.
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