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Abstract

A full duplex ASK subcarrier modulated FM single laser transceiver using coherent
detection has been investigated. In the configuration no extemal modulators are used and
channel separation is done by using electrical subcarriers with different frequencies. The
single laser transceiver combines the advantages of coherent detection, higher selectivity
and higher sensitivity, with the advantage of direct detection, the use of only one laser in
each transceiver.

Three coupiers in each transceiver are necessary. The first coupier splits the output signal
of the laser into a local oscillator signal and a transmitter signal. The received signal has
to be combined with the local oscillator signal which is done by the second coupier. The
third coupIer couples the transmitted signaion to the fibre. The best compromise will be
found by using 3 dB coupiers. Also it has been explained that in a full duplex connection
only one of the transceivers must be equipped with a frequency controller.

Simulations conceming the defined system were done by using a simulation package
called SPOCS. The simulations resulted in acceptable BER curves for both channels. The
received signal power at a BER of 10-9 and for a bitrate of 560 Mbit/s was -33.4 dBm for
the channel using a subcarrier frequency of 5 GHz and -32.8 dBm for the channel using a
subcarrier frequency of 3.2 GHz. This difference can be accredited to the bandpass filter
which is used to separate the two channels. Besides the BER curves also the spectra at
different nodes in the receiver were simulated.

Next to it an electrical test set up has been built for practical investigation of the spectra at
different nodes in the system. This because no usabie lasers were available at the moment.
Together with the measurements also simulations were done conceming the spectra in the
test set up. Both results are similar to the spectra simulated with SPOCS. A small
difference between these spectra was discovered. This difference might be explained by
differences in the modulation index. The difference mentioned might not be important
however because the frequencies at which the problem appears will not be used further in
the system.
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1. Introduction

1.1 Assignment description

In the optical telecommunications globally two detection systems for a connection between
two or more points are possible; direct detection systems for which intensity modulation
(IM) is appropriate and coherent detection systems for which the modulation method is
amplitude, frequency or phase modulation. The first is the least complicated one. For a
simplex connection a laser and a photodiode are needed. The light is amplitude modulated
(or: intensity modulated (IM» which means that the optical power generated by the laser
changes equally with the offered current. At the receiver a photodiode detects the
incoming optical power and in turn generates a current which changes equally with the
received optical power. Thus for a full duplex connection two lasers and two photodiodes
are needed.

Coherent detection operates according to a different principle [1]. In this case the signal
can be amplitude (AM) or angular modulated (FM, frequency modulation or PM, phase
modulation). Hereafter only FM will be discussed. This modulation takes place at the laser
and the signal will be coherent detected at the receiver. Coherent detection means that the
distributed signal will be mixed at the receiver with an optical signal generated by alocal
oscillator. This mixing shifts the frequency spectrum around the carrier frequency down to
a lower frequency which results at the output of the photodiode in a spectrum around the
intermediate frequency (fIF) which is the difference between the two original optical
signais. Coherent detection can be divided into two different detection methods: homodyne
and heterodyne detection. With homodyne detection the frequency and the phase of the
local oscillator are the same as the frequency and the phase of the laser sending the data.
With heterodyne detection the frequencies are different and phase locking is not necessary.
It will be clear that for coherent detection an extra laser is needed. When establishing a

SLTI SLT2

LO.i

Figure 1.1: Single laser transceiver
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full duplex connection four lasers are needed, two lasers for every transceiver.

The advantage of FM in combination with coherent detection with regard to IM in
combination with direct detection is that the first one has a higher sensitivity and also a
higher selectivity.

The actual assignment is to do research on a single laser transceiver. This means that the
advantages of IM (less lasers) and FM (less sensitive to noise and higher se1ectivity) are
combined. Figure 1.1 shows the principle of a single laser transceiver using e1ectrical
subcarriers with different frequencies to separate the information [2], instead of external
modulators [3].

During an earlier assignrnent it has already been decided that the data will be ASK
modulated because of the bandwidth of the spectrum [4]. AIso, use will be made of the
subcarrier modulation (SCM) principle, because in this way no external modulators will
have to be used. The laser will be modulated by means of direct FM and using heterodyne
detection.

The most important parts of the assignment are investigating if the configuration is at all
possible by means of simulations and to start with the building of a test set up at lower
frequencies in the e1ectrical domain.

1.2 Subcarrier modulation (SCM).

The principle of subcarrier modulation (SCM) is to provide multichannel transmission of
analog and/or digital data using a single optical carrier. The different data is modulated on
e1ectrical subcarriers with different frequencies and is thereafter combined and transmitted

-4
--+

Figure 1.2: Subcarrier modulation (SCM)

on just one carrier. Since the data is in most cases a sequence of bits, the subcarrier
modulation methods can be either ASK, FSK or (D)PSK.

Next the complete signa! is distributed by the laser (fig. 1.2). Both modulation methods
described in section 1.1 (IM and FM) can be used in combination with SCM. FM (in
combination with coherent detection) however can increase the number of multiplexed

2



channe1s when using a wide and flat frequency response characteristic of the laser. Next to
it a coherent SCM system provides better receiver sensitivity than an IM system with
direct detection (lM/DD system), because using a local oscillator with a much larger
power than the received optical signal results in an amplified received signal. This in turn

results in longer transmission spans and an increased number of possible users in an
optical distribution network. As stated before, also the se1ectivity increases when using
coherent detection.

1.3 Principle of tbe single laser transceiver.

According to figure 1.1 the principle of the single laser transceiver will be described. As
stated above the data to be transmitted by SLTI will be ASK modulated on a carrier with
frequency h. For the moment we only investigate the possibility of one subcarrier at each
SLT as described in figure 1.1. After the SCM, the resulting signal will be frequency
modulated by the laser. The signal is converted into light and will be send to the receiver
after passing a coupier network (more about this coupier network can be found in 2.2.4).
At the receiver (SLT2), the incoming signal will be mixed with the light of the local
oscillator laser. The resulting signal will be detected by the photodiode. At first sight
nothing different has happened so faro The signal from the local oscillator however also
contains modulated data to be sent to SLTI. It will be clear that both SLT's have different
laser frequencies and different subcarrier frequencies.

So the signalof the local oscillator in SLT2 thus will be send to SLTl where its laser also
acts as a local oscillator, enabling the receiver section of SLTI to detect the data from
SLT2. Both lasers thus have a double function; they act as a transmitter laser and as local
oscillator laser. Of course the different frequencies have to be chosen in such a way that
they don't interfere with each other.

After the photodiode the e1ectrical signal enters the detector which consists of
demodulators and filters whereafter the transmitted data signal will appear at the output of
the SLT.
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2. Design of the single laser transceiver.

2.1 Theory

As described in [4], [5] and [6] the detected photocurrent at the receiver can be written as:

i(t)= 2R(P~LO)1I2cos(21t~;+S(t» (2.1)

with R the responsivity of the photodiode, Ps the received signal power, PLO the power of
the local oscillator, hF the intermediate frequency of the transceiver (the difference
between the frequency of the transmitting laser and the local oscillator laser) and S(t) the
angular modulation (in our case the frequency modulation) of the SCM signa! carried out
by the transmitting laser.

As stated in section 1.1 the laser will be modulated by direct FM. Since part of the
current-light frequency curve of the laser is linear, we want the laser to act in this area so
that the light frequency linearly varies with the current. This to keep the distortion as little
as possible.

According to [6] the angular modulation for optical FM is:

t N

S(t)= 21tfd~~1~P)COS(21tj/ + uP»dt
o

(2.2)

with N the tota! number of data channels,.h the frequency of the lh subcarrier, fd the peak
frequency deviation in optical FM, uP) the phase of the lh subcarrier at t=0 and ~/t) the
datastream of the lh channel which is defined as:

git) = 1
gft) =0

~P)= L b~P-(k-1)Tb]
k:-~

o~ t < Tb
elsewhere

(2.3)

It will be c1ear that bk is the bit va!ue, gj is the pulse shape and Tb is the bit duration.

According to [4] and [6]

4



N

S(t)::::: L m.~ .(t)sin(21tft + <P')
j=l ] J ] ]

(2.4)

when the subcarrier frequencies are much higher than the corresponding datarates. In the
equation above is:

f dm= JjT
]

which is the FM modulation index for the Ji.h channel.

inl

Ro+1F

Figure 2.1: Standard coherent detection system with SCM (simplex connection)

(2.5)

The situation described next is valid for the situation given in figure 2.1. This situation has
already been described in [4]. Here the N subcarriers are on one side of the connection.
The local oscillator is a non-data-carrying signal (i.e. the local oscillator is not modulated).
This is also valid for a fuH duplex connection with 4 lasers because the subcarriers in the
second transceiver have no influence on its detector current.

Assuming the modulation index in (2.5) is the same for all channels, irt) can be written as
in [4] and [6]:

or:

N

i(t)= 2R(P~LO)1I2cos[21t~; + !:lmj~/t)Sin(21tfl + <Pj)]

i(t)=2R(P~LO)112 L .. L Jn,(m~l(t))·· JnJm~Jt))
n

1
':-00 nN~-OO

N

cos[21t~;+L n/fé+<pkm
k=l

5
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with in an nth order Bessel function of the first kind.

The following calculations are to prove that the calculations done above and in [4] (all
data channels on one side of the connection) really are valid for the single laser
transceiver (data channels on both sides of the connection). This because a simulation
program called SPOCS is present. The program works with a local oscillator which can
not be used as a modulator (= all data channels on side of the connection).

When comparing the situation with all the data channe1s on one side of the connection
(figure 2.1) with the SLT connection, keeping the total amount of subcarriers N and
distribute them equally over the two transceivers the detector current will become:

NI2

iU) =2R(P~LO)l/2cos[21tfll!+L m.~ .(t)sin(21tft+<I> ·U»
j=1 } } } }

N

- L m.~ .U)sin(21tf..t+<I> .(t»]
j=(NI2+ I) } } } }

NI2

= 2R(P~LO)l/2cos[cqi+L m~ .(t)sin(oo.t+<I> .(t»
j=1 ) } } }

N

+ L m.~ ·U)sin(ro.t+<I> .U) +1t)]
j=(NI2+ I) } } } }

(2.8)

(2.9)

with ooj =21th. The part behind the subtract symbol in (2.8) or the part with the 1t rad
phase shift in (2.9) represents the local oscillator. Since <l>P) is a stochastic variabie it is
allowed to integrate 1t in it. We now get:

<pit) =<l>lt)
<Pit) =<l>lt) + 1t

N

iU)= 2R(P~LO)l/2COS[cql + Lm.~ .U)sin(ro.t + <p.(t)]
j=1 } } } }

1 <j ~ NI2
NI2 + 1 ~j < N

(2.10)

This formula is the same as (2.6). Thus the autocorrelation of (2.10) will be the same as
that for (2.6). For this reason the spectra also will be the same. These calculations are
carried out in [4].

The derivations done above were to prove that the spectrum of a simplex connection with
N datachannels on one side and a non-data-carrying local oscillator (the LO signal is not
modulated) is the same as the spectrum of a connection with NI2 datachannels on each
side and a data-carrying local oscillator (the LO signal is modulated), i.e. a single laser
transceiver connection.
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2.2 System design

2.2.1 Defined frequencies

At first the system is designed for two data channels, each with a different SLT as
destination. Figure 1.1 in chapter 1.1 shows the desired system. The subcarrier frequency
LO.1 for SLT1 is chosen to be 5 GHz and the subcarrier frequency LO.2 for SLT2 is
chosen to be 3.2 GHz. The intermediate frequency flF is chosen to be 11.2 GHz. Thus the
channel spacing is 1.8 GHz 3.2 times the bit rate which is 560 Mbit/s. These values are
taken from [6] where a description is given of an experiment concerning two-channel 560
Mbit/s ASK SCM-FM transmission. This resembles our experiment, however in [6] the
two channel are both transmitted by the same transmitter (both channels on the same side
of the connection).

In the following sections the transmitter and receiver sections will be dealt with.

2.2.2 Transmitting section

The transmitting section processes both electrical as weIl as optical signals. The first part
of the transmitting section deals with e1ectrical signais. The only optical signal involved is
the signal leaving the laser. As stated earlier in section 1.2 the data is ASK modulated on
an e1ectrical carrier having a frequency of 3.2 GHz or 5 GHz depending on what side we
look at. The modulator that must be used is a commercially available one. For the laser
e.g. a À/4-shifted DFB-LD can be used. This laser is used in [6]. The transmitter part is
shown in figure 2.2.

to fibre
in!

fL

LO.I

Figure 2.2: Transmitting section

Figure 2.3: Receiving section
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2.2.3 Receiving section

The input signals of the receiving section are two optical signais. The first one is the
optical signal coming from the transmitting laser, the second one is the signal coming
from the local oscillator laser. These signals are mixed in an optical coupIer resulting at
the output of the photodiode in an intermediate frequency which is the difference between
these two frequencies. After mixing the two signals the resulting optical signal will be
converted to an e1ectrical signal by means of a photo diode. Now the electrical signal
enters the detector which consists of filters, amplifiers and demodulators. A block scheme
of the receiving section is given in figure 2.3 whereas the detector is given in figure 2.4.

fe - 11.2 GHz
B -10.7 GHz

order: 4

from photodiode

~
BPF

Figure 2.4: Detector

After the photo diode the signal enters a bandpass filter with a centre frequency equal to
hF which in turn is 11.2 GHz as defined in section 2.2.1. This filter has to suppress
unwanted frequencies in the spectrum. The bandwidth is chosen 10.7 GHz.

After amplifying the signal it enters the FM demodulator. As FM demodulator a Delay
and Multiply (D&M) demodulator is chosen [7], [8]. When entering the D&M
demodulator the signal is splitted in a direct branch and a delayed one. These two signals

'hCmA2 .....-----------------,,..........--------,

M

.j 0 +----+--+-----+-----'1------1

-V.CmA2

Input frequeney (GHz)

Figure 2.5: Transfer characteristic of a D&M demodulator
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are multiplied with each other resulting in a baseband signal and a signal with the double
frequency (the latter one will be filtered out later on). In figure 2.5 the frequency-voltage
transfer is given. Use is made of the linear part aroundfcen.

For !een the first zero-crossing is chosen. The small area around these zero-crossings is
considered linear. For !een the following fOfffiula is valid:

With n =0, 1, 2, ..

= (2n+ 1)

4T
d

(2.11)

For the first zero-crossing n = 0 whereas !een is equal to flF so !een = 11.2 GHz. This yields
that Td = 22.3 ps.

After the D&M demodulator the signal passes a bandpass filter (BPF). The centre
frequency of this BPF is the same as the frequency of the subcarrier valid in this channel.
The bandwidth is chosen to be 2.2 * 560 MbitJs = 1.25 GHz.

Next the signal must be ASK demodulated. This will be done with a squarer. The signal
will be multiplied with itself again resulting in a baseband signal and a signal with the
double frequency. The latter in turn is filtered out by the lowpass filter which is placed
after the squarer. The bandwidth of this filter is 0.6 * 560 MbitJs =340 MHz.

In the next chapter the results of the simulations of the designed two-channel system done
with SPOCS will be dealt with.

2.2.4 Coupier section

As can be seen from figure 2.6 that in the single laser transceiver (SLT) three 2*2
coupiers are used. One for splitting the signal from the laser in an LO- and a transmitter

SLTI

La. I

Figure 2.6: Coup/er section

coupier section
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signal, one for coupling the received signal to the local oscillator signal and one for
coupling the transmitted signal on to the fibre sending it to the receiving SLT. Also it is
important mentioning that in the system configuration so far, no polarisation contral is
included. It has been assumed that the polarisation of the transmitter laser and the local
oscillator are the same, since the polarisation problem is not important for this assignment.

Next we want to determine the distribution of the laser power coupled into the coupier
network.

A 2*2 coupier couples two input beams resulting in two output beams with a power
distribution which is predetermined [9]. The coupier is bidirectional, which means that
both sides can be used as input as well as output (figure 2.7).

B)
..... S11

b)

input output

B:2
..... ~2

bz

B)
S11..

b)

output input

B:2
~ .. bz

Figure 2.7: 2*2 coupler (bidirectional)

A 2*2 coupier can be defined in terms of a 2*2 matrix with input field strength (aj>a2),

output field strength (bj>b2) and matrix S resulting in !2. = S.f!:. or:

(2.12)

After knowing this we can define our coupIer network also by a matrix. Since we are
dealing with a full duplex connection, the coupier network has three outputs and,
theoretically, three inputs which results into three matrices.

We can use the scheme of the coupier in figure 2.7 to display the coupier network of
figure 2.6. This results in figure 2.8.
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bI b2

1[:]
laser

al a2

fiber

2

b

1

al a2
Iaser

3

d2

Figure 2.8: CoupIer network built up by 2*2 coupIers

For coupIer 1 the matrix S is defined, for coupIer 2 the matrix Tand for coupIer 3 the
matrix R. From figure 2.8 we can see that the outputs/inputs field strengths of the system
are: (al' a2), (dl> d2) and (jl' h)·

The first matrix has outputs (jl' h) and inputs (al' a2) and (dl' d2) resulting, after some
calculations, into:

(2.13)

Normally only al and dl contain signals since a2 and d2 are not connected. The output
signa! at /2 however can be used by using a double photo diode. Each one receives the
signal from one of the two outputs of the coupIer. This is not the case however when
looking at the output signals of (al' a2) and (dl' d2). The output at (al' a2) must be as low
as possible since al is truly the input where the signa! from the laser enters the system.
The signal going back to the laser (appearing at output al) must be as low as possible
because it generates noise in the light signa! which makes it difficult to use the laser for
the high bit rate system we are developing. For this problem normally an optica! isolator
is used [1], [10].

When defining the inputs a2 and d2 as zero we get:

11



(2.14)

When looking at (dl' d2) as output, with inputs (al' a2) and (jI' h) we get the following
matrix:

(2.15)

Again a2 contains no input signa!. The input signals at (h, h) are the signals which are
reflected at the fibre-photo diode connection. These signals are, theoretically speaking,
zero. We now get:

(2.16)

(2.17)

When again defining (h, h) and d2 zero we get:

(2.18)

Now that we have the different matrices we can start defining its coefficients Rij' Sij and
Tij' For coupIer 1 we want as much power coupled to both outputs of the coupIer thus it is

12



logical to use a 3 dB coupIer which divides the input power equally over the two outputs.
For coupIer 2 also a 3 dB coupIer is chosen. Here however both outputs can be used by
using two photo diodes which results in a balanced receiver. At coupIer 3 we want as
much power coupled from input C2 to output dl but when looking in the other direction,
we want as little power as possible coupled from input dl to output C2 thus here also a
good compromise can be found by using a 3 dB coupIer.

From the reciprocity condition, which assumes single-mode operation, and the energy
conservation, assuming a lossless device, it follows that [9]:

(2.19)

which implies that the full power from both inputs cannot be coupled to one output.

Since energy conservation implies that the sum of the output intensities 10 equals the sum
of the input intensities li of the coupIer we get for coupIer one (and also for the other
coupIers) [9]:

(2.20)

After some calculations and defining:

with a a real number between 0 and 1, we get for the field strength matrix [9]:

S= [{ki" jva]jva {ki"

(2.21)

(2.22)

with (I-a) the fraction of the optical input power appearing at output port 1 and a the
fraction of the same input power appearing at output port 2. When taking a =0.5 the
power at the input will be equally distributed over the two outputs (3 dB coupIer). We
also see that Sn and S2l have a phase shift of n/2 comparing them to Sn and S22' The
calculations done above also go for R and T. With a =0.5 we get:

1 j
-

R= S= T=
{i {i (2.23)
j 1

-
{i f2
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We now get from (2.14), (2.16), (2.18) and (2.23):

And for the power output power on those nodes:

1p=p=-p
a, a, 4 d,

1p=p=-p
d, d, 4 a,

14

(2.24)

(2.25)

(2.26)

(2.27)

(2.28)

(2.29)

(2.30)

(2.31)



1 1
P =P = -P + -Pd/, f, 4 a, 4 I

(2.32)

For (2.32) we can say that al » dl' It is also important to notice that dl in (2.30) and
(2.32) is an input value where in (2.31) it is an output value. This a1so goes for a I which
is an output in (2.30) and an input in (2.31) and (2.32).

2.2.5 Frequency control

Attention was also payed to the frequency locking procedure. This means that the local
oscillator laser has to loek to the transmitter laser frequency to maintain a constant
intermediate frequency flF' This is, in short, done by comparing the received flF in the
detector (e.g. at the output of the D&M demodulator) with the desiredhF" When a
difference between these two values is detected, the output frequency of the local
oscillator laser has to be changed in such a way that the received hF equals the
predetermined one [8], [11]. This is done by means of a feedback loop (figure 2.9).

SLT2

Fe
In 2

from SLTl r············································· __ ······ ------------------ -------------- ".' --'---,

I i

-------"-----""'-----!----------I

LO.2

1 __.....•.....•.........__ __ __ _._. •__.......•.••..•.... !

Figure 2.9: Frequency control loop

Since both lasers act as transmitter laser as weIl as local oscillator laser the question rose
if it was possible to use frequency control (FC) simultaneouslyon both sides. If so, it had
to be investigated if the system was convergent i.e. if both lasers would not be changing
their frequencies in different directions.

The frequency controllers FC1 and FC2 in figure 2.10 try to keep the hF at the desired
value. However, when e.g. fa drops in frequency with a fraction 0 we get fa - 0 resulting
in an intermediate frequency ofhF - O. Both FC's now detect a wrong hF and subsequently
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SLTl

l . J

Figure 2.10: Frequency controllers FC1 and FC2 in both single laser transceivers

try to change it to the desired value. Here a problem arises because FC1 will change fa - 0
back to fa while FC2 will change ft, to ft, - 0 resulting in an intermediate frequency of flF +
O. Now the controllers will change fa and fb - 0 again which results in fa - 0, ft, and flF - O.
As we can see, the controllers enter a loop which will not result in the desired flF again.

Since both detectors are to detect the same flF and because the whole spectrum changes if
one of the lasers has a change of frequency, only one SLT has to have a frequency control
loop to keep flF at its desired value. By controlling flF at one side of the connection, irF at
the other side of the connection is automatically kept at the same value.
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3. SPOCS simulations

With the system as described in section 2.2 simulations are carried out with spoes [12].
The way in which this is done is described in appendix A. When one has never worked
with spoes it is recommended to read appendix A first.

For both channels different simulations were done using inputfiles containing the
definitions of the specific channel. For both channels the spectra and the BER-curves are
determined. These are given in the following sections.

The system for which the simulations are done is defined in section 2.2.

3.1 Determination of the BER curves

First for both channels the BER curves were determined. The index m is chosen to be 0.2
which in theory means that the FM index =0.8. Beneath the inputfile for the detector of
SLT2/channel 1 (data channel with a subcarrier frequency of 5 GHz) is given. ehl and
ch2 in the inputfiles do not have to coincide with the defenition of channel 1 and 2. In the
inputfile beneath channel 1 is accidentally the same as chl but in the inputfile of channel
2 (subcarrier of 3.2 GHz) chl coincides with channel 2 because of definitions made
spoes.

1000 0
f006704.d

allpass.d

60
7 8 0 0 -1000 -1000 0

0.75 0.75 0 0
fl17-33104.d
100 0
2.23e-11
f087-11204.d
100 0

seed
out
sprt
ps
plo
rin
ad
srns
eh1 ASK 6.2e+09 1
eh2 ASK 8e+09 1 1
det
deed
ospl 1 -1
dpd 7 8 2
fil 2 3
arnp 3 4
del 4 5
fil 5 9
arnp 9 10
qua 10 11
arnp 11 12
fil 12 13
fil 13 0

13457, 17469, 23573
sha240
5e+10 Hz
-34, -32, 0.1 dBrn
-3 dBrn
-1000 dB
100000
FM 0 1.12e+10 0.2
1 5.6e+08 6e+06 randat NRZ
5.6e+08 6e+06 randat NRZ

As can be found in section 2.2.3 the BPF between nodes 2 and 3 has a center frequency
of 11.2 GHz and a bandwidth of 10.7 GHz. The BPF between nodes 5 and 9 has a
centerfrequency of 5 GHz and a bandwidth of 1.25 GHz. The last filter, the LPF between
nodes 12 and 13, has a bandwidth of 340 MHz.

For the detector of SLTl/channel 2 (data channel with a subcarrier frequency of 3.2 GHz)
of course the same parameters are chosen, only the BPF between nodes 5 and 9 is
different having a center frequency of 3.2 GHz and a bandwidth of (also) 1.25 GHz. This
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results in the following last six lines of the inputfile for the detector of channel 2:

fil 5 9 f051-07604.d
arnp 9 10 100 0
qua 10 11
arnp 11 12 1000 0
fil 12 13 f006704.d
fil 13 0 allpass.d

AIso, as stated above, ch1 and ch2 have to be switched in this inputfile.

The decision moments were determined by analysing the eye pattem. One can see that the
signal power was varied between -34 and -32 dBm. Herewith the BER-curve was
determined by using the Pearson approximation. In figure 3.1a this BER curve is given.
The BER curve of channel 2 is only plotted up to -32.9 dBm for the received signal power
because its BER drops just above -32.9 dBm to such a smalI that it could not be
determined by SPOCS. According to SPOCS its BER after ps (receiver input power) =
-32.9 dBm is O. The other BER curve is also given up to the ps value where SPOCS
calculates a BER O.

+ chann.' 2 (a.2 GHz) 6 ehann.1 1 (5 GHz)

·a1.00-31.80·a2.8D·aa.4D-84.20

0.001 r--------------------,
0.0001

0.00001
1.·008
1.-007

'.·0oe
1.-009
1.-010
1.-011
1.-012
'.-0,a
1.-014
1.-015
1.-018 L.L.L-L.L...O....L.L..L..L.l..J....L..1~L...L..L...L..1...I....L..L..lu....L..............J...L..J....L.L..L...L..L.............~L...L..L....L...L..L...J....I

-a5.00

...
e
Ui-ia

recelvecl ligna' pow.r (dBm)

Figure 3.1a: BER curve

The criterium for acceptable data transmission is a BER of 1e-9. One can see that this
criterium for certain is satisfied at ps =-32.6 dBm because the BER curve, as explained
only plotted up to ps = -32.9 dBm, will drop very fast after ps = -32.9 dBm. Also
simulations were done with a value for the relative intensity noise of the lasers of -150
dB/Hz instead of -1000 dB/Hz (as done above). The results however, did not differ
because use has been made of a double photodiode which results in a balanced receiver.

The difference in BER for both channels rnight be explained by the fact that the transfer
characteristic of the BPF' s which are used are symmetrical around their center frequencies
on a logarithrnic scale but not on a lineair scale. Due to this reason the BER curve of
channel 2 is worse than the BER curve of channel 1.
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When only one channel is active i.e. when the LO signal does not contain modulated data
it is expected that the BER curves are better than those in figure 3.a1 because the second
data channel does not interfere with the first one. The BER curves for both data channels
in this configuration are given in figure 3.1b. One can see that these BER curves are
indeed better than those in figure 3.1a.

+ ehann.1 2 (3.2 GHz) I!>. chann.11 (5 GHz)

0.00001

1.-008

1.-007

•'; 1.·008
a:
ë 1.-008..w
ii 1.-010

1.·011

1.·012

1.-018
-38.00 -38.20 -37.40 -ae.80 -35.80 -35.00

r.celv.d a'lInal pDw.r (dBm)

Figure 3.1b: BER of both channels when only one data channel is active at a time

3.2 8imulations of the spectra at different points in the detector
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Figure 3.2: Spectrum at the output of the photo diode
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The detector structure and its parameters can be found in figure 2.4. After running sys 8
with ps =-32.6 dBm the spectra at 6 different nodes were calculated. First the output of
the photo diode is given in figure 3.2.

As can be seen in figure 3.2 flF is 11.2 GHz. The two subcarriers are at this moment
situated at the frequencies 14.4 GHz (11.2 + 3.2) and 16.2 GHz (11.2 + 5). Around these
frequencies the data is present. One can also see that there are also signals around 19.4
GHz and 21.2 GHz. This is due to the FM. The signals however are much lower than
those at 14.4 GHz and 16.2 GHz due to the chosen modulation index and the low received
optical power.

After filtering and amplifying one can see that both subcarriers of 3.2 GHz and 5 GHz are
still present at 14.4 GHz and 16.2 GHz while the other peaks, at 19.4 GHz and 21.2 GHz,
hardly can be seen (figure 3.3).
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:z::
i'
UI
'a ·34.....
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ti•.::..• ·58

·70
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frequency (GHz)

Figure 3.3: Spectrum after filtering and amplifying

Next the signal is FM demodulated by means of a D&M with a delaytime of 2.23e-ll s
(section 2.2.3). Now the subcarries are present again at 3.2 GHz and 5 GHz (figure 3.4).

At this point the two signals will be separated by means of BPF's. One channel will filter
the data modulated on the subcarrier with a frequency of 5 GHz (channel 1), the second
channel will process the data of channel 2 (subcarrier frequency of 3.2 GHz).
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Figure 3.4: Spectrum after FM demodulation

3.2.1 Spectra for channel 1 (5 GHz subcarrier frequency)

In this branch of the detector the data travelling on the 5 GHz subcarrier will be
regenerated. This is done at first by processing the signa! through a BPF with a center
frequency of 5 GHz (section 2.2) and secondly amplifying it. This results in the spectrum
of figure 3.5 (calculated at the output of the second amplifier and the input of the squarer).
One can see that the second subcarrier frequency (3.2 GHz) has been surpressed
completely by the BPE
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Figure 3.5: Spectrum at the input of the squarer (channell)
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Next the signa! is ASK demodulated. This is done by means of a squarer. The squarer
converts the signal back to a baseband signal by means of multiplying the signal with
itself. Doing this also results in a signa! at the double frequency (figure 3.6).
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Figure 3.6: Spectrum at the output of the ASK demodulator (squarer)

When the signal is returned to the baseband it only needs to be amplified and filtered
again.

Figure 3.7 gives the spectrum at the output of the LPF which is also the output of the
detector of channel 1 in our configuration.
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Figure 3.7: Spectrum at the output of the detector (channel 1)
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A signal peak at 560 MHz can be seen in figure 3.7. This might be a product resulting
from the mixing of two signals. lts power level however, is low enough so it will not
create any significant problem.

3.2.2 Spectra for channel 2 (3.2 GHz subcarrier frequency)

In this part of the detector the data modulated at the 3.2 GHz subcarrier will be
regenerated. This results in the following spectra, taken at points in the detector similar to
those in the detector of channel 1.

Figure 3.8 gives the spectrum after passing the BPF with a center frequency of 3.2 GHz
and the second amplifier (input of the squarer).
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Figure 3.8: Spectrum at the input of the squarer (channel 2)

Figure 3.9 gives the spectrum at the output of the ASK demodulator (squarer). As
expected the shape of the spectrum is similar to the spectrum in figure 3.6. Only the
double frequency is different (here 6.4 GHz vs. 10 GHz in figure 3.6). This of course is
not interesting because these frequencies will be filtered out.

Last the spectrum at the output of the detector is given (figure 3.10).
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Figure 3.9: Spectrum at the output of the ASK demodulator (squarer)

When comparing figure 3.10 with figure 3.7 it can be seen that these spectra are (as
expected) similar. The only difference is a few dB' s in output level, this can already be
seen in figure 3.4 and its cause might be the non lineairity of the D&M demodulator.
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Figure 3.10: Spectrum at the output of the detector (channel 2)
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4. Electrical test set up.

As a first phase in the practical research a test set up had to be made. Instead of optical
signais, use will be made of electrical signals. The frequencies to be used in the optical
system are scaled down to lower frequencies, valid for the e1ectrical region. The aim of
the test set up is to get more acquainted with the spectra of the single laser transceiver and
to compare theory at optical and e1ectrical level with experimental results. Therefore first
simulations had to be done conceming the e1ectrical signais. The simulations were carried
out with MatLab. The results can be found in section 4.4.

First we will deal with the design and specification of the test set up.

4.1 Set up design and specification

The laser has been replaced by a signal generator, generating an electrical signal with a
carrier frequency of 1 GHz. The frequency of the light thus has been scaled down about
200000 times. The frequencies of the subcarriers and the data rate are scaled down with a
factor 2000.

The generated data is to be ASK modulated on a 2.5 MHz carrier by means of a mixer.
The resulting signal is frequency modulated by an FM modulator. Next the resulting signal
is mixed with the signal of the local oscillator (LO) with a carrier frequency of 994.4
MHz resulting in a signal having a intermediate frequency of 5.6 MHz. This signal is,
after filtering by a bandpass filter, processed through a FM-demodulator (delay &
multiplier) whereafter it is filtered by a bandpass filter with a centre frequency of 2.5
MHz. Last the signal enters an ASK demodulator (squarer) and a low pass filter
whereafter the data should be present again.

The measurements and simulations were to be done in two phases. First a set up was built
having a local oscillator which did not FM modulate an ASK modulated signal (figure
4.1). This configuration is valid when only one transceiver is transmitting data.

.....
ASK demod

LPFA

{P11}_l--{X}-----i
280 khit/s '--_---J

fc2 - 994.4 MHz

Figure 4.1: Test set up (LO not modulated)
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The second phase was to ASK modulate data with a carrier having a frequency of 1.6
MHz (configuration 2) and FM modulate this signal with a carrier frequency of 994.4
MHz resulting in the desired LO signal. The resulting spectrum at the input of the receiver
section is more complex now because it also contains signals concerning the second
channel and signals which are products of both channels. Still only one channel (channel
2, 2.5 MHz) will be investigated. This set up is given in figure 4.2. The detector of
channel 2 (drawn with dashed lines) will not be investigated at first.

channell

-.~
ASKdemod

8
~21·1.6MHz

t---'--{ X }--'-S IP21 )
'-------' 280 khit/s

channe12

{Pll J ....:l--()()---=---j

280 khit/s '--_....J

Figure 4.2: Test set up (LO modulated)

The frequencies to be used in the optical system along with the corresponding electrical
frequencies can be found in table 4.1.

frequency electrical set up optical set up

fel 1 GHz + 200 THz
fez 994.4 MHz + 200 THz
hF 5.6 MHz 11.2 GHz
hubll 2.5 MHz 5 GHz
hub21 1.6 MHz 3.2 GHz
~l 280 kbitls 560 Mbitls
~z 280 kbitls 560 Mbitls

Table 4.1: frequencies for the electrical and optical set up

Simulations and measurements are done up to node 9. The receiving section (node 9 to
14) is designed but building, measurements and simulations have to be done yet.
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4.2 Processing electrical signals

In this section the signals on the different nodes in figure 4.2 are described. The values of
the frequencies are defined in table 4.1.

From section 2.1 we can define for the datastream of the Jih channel at node 1 (in figure
4.2 j = 1 at both sides):

~[it)=L b,$1j[t-(k-l)Tb]
k=-co

the signal after ASK modulation becomes [13] (node 3):

X[.(t) = A[ ,cos(ffi b t).~ [.(t)
J J su Ij J

When eventually adding more channels for SCM one gets

N

XIOI(t)= LX[.(t)
, j=[ J

with N defined as the number of channels. After the ASK-SCM section the signal is
frequency modulated [13] (node 4):

I

xc,(t)= Ac,cOS[ffic,t + kt,jXIOI,('t)d't]

(4.1)

(4.2)

(4.3)

(4.4)

Next the signal enters the receiving section where it is multiplied with xcit). We here take
xcitJ as an FM modulated ASK signal. This means that the signalof the Lü (node 8) has
the same form as the signal at node 4:

I

xc,(t)= Ac,cos[ul,t + k.t;fxIOI,('t)d't] (4.5)

Multiplying electrical signals is slightly different compared to coherent detection with
optical signals. Coherent detection does not result in a signal with a sum frequency but
only in a signal with an difference frequency, the intermediate frequency flF> at the output
of the photodiode. Mixing of two electrical signals not only results in a signal which is the
difference between the two FM-frequencies (f/F) but also in a frequency which is the sum
of both. The resulting signal after mixing is (node 9):
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I I

= Ac,COS[~,t+kj.fxlol,('t)d't] . Ac,COS[Wc,t+kj,Jxlol,('t)d't]

I I

= ~c,Ac,cos[~; + (kj,JX1ot,('t)d't) - (k.r,JX101,('t)d't)]

I I

+ ~cIAc,COS[(~, +~)t + kt,JX101,('t)d't + k.r,JX101,('t)d't]

(4.6)

(4.7)

(4.8)

(4.9)

Here W1F = IWel - wc21. The latter part of (4.8), the sum frequencies, are filtered out by
means of BPF A resulting in (node 10):

Xcoh,(t) = A.cos[~; + S(t)]

with

A=2.AA2 c, c,

I I

S(t) = kt,Jx1ot,('t)d't - kj,Jx101,('t)d't

We now want to write xcoh.(t) with wiF as a time dependant variabie

with

(4.10)

(4.11)

(4.12)

(4.13)

Next the resulting signa! must, as stated in section 4.1, be demodulated by means of a
delay and multiply demodulator. The signal at the output of the FM-demodulator thus
becomes (node 11):
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with Td as its delaytime, defined for the first zero crossing by

1
Td =--

4fcen

(4.14)

(4.15)

(4.16)

(4.17)

with.fcen =hF (see also sections 2.2.3 and 4.3.2). Cm is a constant [V-I] depending on the
type of multiplier used.

The second part of (4.16) must be filtered out again. This is done by BPF B (node 12).

Since we only need to process the frequencies near the first zero crossing of the D&M
characteristic, it is admissible to approximate the characteristic in this area by a linear
function

(4.18)

(4.19)

(4.20)

One can see that the ASK modulated signal has been regained. The last step is now to
regain the original data signals which is done by means of a squarer: the signal is
multiplied by itself.
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First the wanted signal will have to be passed through a BPF (as stated above BPF B) to
separate it from the other data signals. Following one subcarrier signal (xll(t)) we get at
the output of the squarer (node 13):

(4.21)

which implies that every part of the signal is positive (for a ' l' bit) or zero (for a '0' bit).
This signal is passed through LPF A regaining the data (node 14).

It is also important to remark that for these calculations use has been made of ideal filter
characteristics.

Because it is quite difficult to calculate the spectra at the different nodes, the spectra can
be simulated with MatLab. These results then will be compared to the results of the
measurements that were carried out.

4.3 Specially designed subsystems in the detector

For building the test set up several standard mixers and generators were used. Some parts
needed had to be designed specially for this configuration: filters, the FM demodulator
(D&M) and the ASK demodulator. These will be described in this section.

4.3.1 Designed filters

4.3.1.1 Bandpass filter at 5.6 MHz

To suppress unwanted frequencies several filters must be used. Between the mixer which
multiplies the two FM signals and the D&M demodulator a bandpass filter (BPF), with a
centre frequencY!cen' must be used to filter out unwanted frequencies. The bandwidth is
chosen to be 5.62 MHz. (2 * (2.5 MHz subcarrier) + 2.2*280 kHz)). Choice has been
made for a 4th order Chebyshev filter. This is also done for the bandpass filters discussed
in the following sections. All filters are designed with 'Filtermaster' .

The specifications of this BPF are given below.

Chebychev - bandpass filter

Lower passband limit frequency
Upper passband limit frequency
Lower stopband limit frequency
Upper stopband limit frequency

Passband attenuation
Return loss
Stopband attenuation

Degree
Case

2.790 000 MHz
8.410 000 MHz
2.346 390 MHz

10.000 000 MHz

1.121 287 dB
6.43 dB
5.00 dB

4
b
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This results in a circuit with component values which are not available. These components
are replaced by components with available values closest to these theoretical ones. The
resulting circuit is given in figure 4.3a. lts transfer characteristic is given in figure 4.3b.

Figure 4.3a: Circuit of 5.6 MHz RPF
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4.3.1.2 Bandpass filters at 1.6 MHz and 2.5 MHz

After the FM demodulation the signals at 1.6 MHz and at 2.5 MHz are the ones which
have to be processed through the two different channels, 1.6 MHz through channel 1 and
2.5 MHz through channel 2 (only the signals in channel 2 will be measured at first). To
filter out these frequencies for the specific channels two bandpass filters must be used, one
for each channel. The bandwidth of both channels is chosen to be 2.2 times the data rate
(similar to the filters used in section 2 and 3) which results in a bandwidth of 620 kHz.

The specifications for the BPF having a centre frequency of 1.6 MHz are as follows:

Chebychev - bandpass filter

Lower passband limit frequency
Upper passband limit frequency
Lower stopband limit frequency
Upper stopband limit frequency

Passband attenuation
Return loss
Stopband attenuation

Degree
Case

1. 290 000 MHz
1. 910 000 MHz
1. 203 289 MHz
2.047 638 MHz

1. 500 000 dB
5.35 dB
6.05 dB

4
b

The resulting circuit, built up with available component values, is given in figure 4.4a and
the transfer characteristic given in figure 4.4b.
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Figure 4.4a: Cicuit of 1.6 MHz RPF

This is also done for the 2.5 MHz BPF. Again the starting point was a 4th order
Chebychev filter.

Chebychev - bandpass filter

Lower passband limit frequency
Upper passband limit frequency
Lower stopband limit frequency
Upper stopband limit frequency

Passband attenuation
Return loss
Stopband attenuation

Degree
Case

2.190 000 MHz
2.810 000 MHz
2.094 198 MHz
2.938 547 MHz

1.500 000 dB
5.35 dB
6.05 dB

4
b

The resulting circuit is given in figure 4.5a while the transfer characteristic is given in
figure 4.5b.

Figure 4.5a: Circuit of 2.5 MHz RPF
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Figure 4.5b: Transfer characteristic of 2.5 MHz
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4.3.1.3 Lowpass filter with a bandwidth of 170 kHz

At the end of the detector(s) the signal needs to be filtered resulting in just a baseband
signa!. The filter used here has a lowpass characteristic. The bandwidth is chosen to be 0.6
times the bit rate which results in a bandwidth of 168 kHz. The starting point was a 4th
order Butterworth filter.

Butterworth - lowpass filter

Passband limit frequency
Stopband limit frequency

170.000 000 kHz
1.700 000 MHz

Passband attenuation
Return loss
Stopband attenuation

3.000 000 dB
3.02 dB

79.98 dB

Degree 4

The resulting circuit and its transfer characteristic are given in figure 4.6a and b.

Figure 4.6a: Circuit of 170 kHz LPF
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4.3.2 FM demodulator for 5.6 MHz using the delay and multiply principle
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Input freqwmcy (MIh)

Figure 4.7: Transfer characteristic of the D&M demodulator
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FM demodulation using a D&M demodulator [5], [6] already has been dealt with in
section 2.2.3, operating at higher frequencies than those which are to be used in the test
set up. The principle however, is the same. In figure 4.7 the transfer characteristic from
the input frequency to the baseband signalievelof the D&M demodulator is given.
Again the first zero crossing is chosen for the centre frequency fcen' this of course
coinciding with the system defined in section 2.2.

The scheme of the D&M demodulator described and designed in [7] and [8] can be used
to develop the D&M demodulator which is to be used in the test set up (figure 4.8).

FM demodulator

T- 44.64 ..

Figure 4.8: D&M demodulator

The existing D&M demodulator uses the second zero crossing and has a delay time of
1.61 ns, resulting in afcen of 465 MHz. When using the first zero crossing with the same
delay time leen would be 155 MHz. This frequency is of course much to high for our
configuration. Using the first zero crossing (n = 0) and afcen of 5.6 MHz results in a delay
time of (formula 2.11): 44.64 ns. The delay time will be accomplished with a coaxial
cabie. The delay of the data signal through this cable depends on the length of that cabie.
The relationship of the cable length 1 and the delay time T is:

1 = ---;:::::=== = (4.22)

with: the permeability of vacuum !Jo = 41t.10-7 Hlm,
the permittivity of vacuum eo = 8.854.10-12 Firn,
the relative permittivity of the chosen cable er =2.25.
the speed of light Co = 3.108 mis.

Using (4.22), the length of the cable becomes: 1= 8.928 m.

It is important to keep in mind that the PCB lines also create a delay in the stream. It is
therefore of great importance to measure the delay time when connecting the cable to the
PCB.

Furthermore the amplifier and mixer used in [7] and [11] have a bandwidth which does
not coincide with the frequencies to be used in the test set up so that other types of
amplifier and mixer have to be used.
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ane might also consider the possibility of using 155 MHz as !een' but this results in a very
low output signal because the subcarrier frequencies are 1.6 MHz and 2.5 MHz (small
compared to !een)' It has been tried and it is decided that this possibility is not
recommendable.

4.3.3 ASK demodulation using the squarer principle

For ASK demodulation a squarer is chosen. The principle of the squarer is quite similar to
that of the D&M demodulator with the difference that in the squarer no delay is used. The
signal in the squarer is multiplied with itself. For the amplifier and mixer the same
components can be used as in the D&M demodulator. The scheme of the squarer is given
in figure 4.9.

Figure 4.9: ASK demodulator (squarer)

ane has to pay attention to the lengths of the two signal lines going to the multiplier,
these have to be of equal length so that no difference in the data travelling time is
generated.

4.4 MatLab simulations

4.4.1 Simulation of both configurations

In section 2.1 calculations were done to prove that both configurations mentioned, a La
signal containing no ASK SCM modulated data (configuration 1) and a La signal
containing ASK SCM modulated data (configuration 2, our aim), have similar power
spectra.

In this section proof is given of the similarity of the two configurations. Both
configurations are simulated with MatLab. The simulations were done with different
(lower) frequencies to reduce the calculation time. This, of course, does not change the
configuration principle.

The MatLab input file is given in appendix BI. The spectra are determined with the FFT
(Fast Fourier Transform) function. Due to limited capacitance of the used system only 64
bits were simulated resulting in a rough spectrum. This also goes for the other simulations
done.

For the data stream a frequency of 2.8 Kbit/s is used. For the subcarriers frequencies of 16
kHz and 25 kHz and for the FM carriers 1 MHz and 944 kHz are used (these values differ
from those to be used in the test set up). The spectra of both configurations are given in
figure 4.10.
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As one can see in figure 4.10 the forms of the spectra are similar. The small differences
are caused by rounding mistakes in MatLab. This because the two different configurations
have different calculation methods.

Similar as in chapter 3 we can see the subcarrier signals now at 72 (56 +16) kHz and 81

configuration 1
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N
I
~ -10
co
"0

'>:-20-"u;
c::
~ -30

""§
1:5 -40
Q)
c-
l/) -So '----- --l.... '----- ----'- ----' --'-- -----'

o 2 4 6 8 10 12
frequency [Hz] x 104

configuraton 2
~ 0,-----------,------.-------,--------,------.---------,
N
I
~ -10
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"0

~-20
"u;
c::
~ -30

""§
1:5 -40
Q)
c-
l/) -SO '----- ----'- ----JL....- ----'- ---' --'-- ---'

o 2 4 6 8 10 12
frequency [Hz] x 104

Figure 4.10: Comparison of the spectra of both configurations

(56 + 25) kHz. The other signals are results of other combinations of these frequencies.

4.4.2 Simulations of the test set up

4.4.2.1 ASK modulation

In this section simulations are done with the frequencies as defined in table 4.1 and used
in figure 4.2. At different nodes in the system the spectrum is calculated beginning with
the ASK modulation (node 3). The input file is given in appendix B2. The spectrum is
given in figure 4.11.
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ASK modulation
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Figure 4.11: A5K modulation
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4.4.2.2 FM modulation of the ASK modulated signal

The spectrum after FM modulation of the ASK modulated signal (node 4) is given in
figure 4.12. lts MatLab file is given in Appendix B3.
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Figure 4.12: A5K FM modulation
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The FM index is chosen 0.8. From figure 4.12 it can be seen that the different peaks have
a 2.5 MHz separation from each other. This of course resembling the subcarrier frequency
of 2.5 MHz. The difference between the peak at 1.0025 GHz and the peak at 1.005 GHz is
about 6 dB. Next this signal will be multiplied by a signa! acting as local oscillator signa!.
As stated in chapter 4.1 first we will look at the system with a local oscillator which does
not contain ASK modulated data (figure 4.1).

4.4.2.3 Detection witb a local oscillator signal

When multiplying the two signals (node 6 in figure 4.1) this results in a signa! with a
frequency of 1.9944 GHz and a part with a frequency of 5.6 MHz. The latter frequency
(f/F) is the one around which the spectrum is to be investigated. Because of this only this
frequency is shown in figure 4.13 (the high frequency can be filtered out). The MatLab
file is given in Appendix B4. The shape of the spectrum in figure 4.13 is of course the
same as the one in figure 4.12. Only the centre frequency is changed from 1 GHz to 5.6
MHz and the level of the spectrum in figure 4.13 has dropped a little with respect to the
spectrum in figure 4.12 due to mixing of the two signals (part of the power goes to the

Or-------r----.-----r-------,----...,---------,
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-45
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""ê-30
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o 2 4 6 8 10 12

frequency [Hz] x 106

Figure 4.13: Detection with a LO signal not containing ASK modulated data

difference frequency and part to the sum frequency). The reason why in figure 4.13 more
of the spectrum is shown is that MatLab gives a window with integers as boundaries.

The next step in the process is to replace the LO used for figure 4.13 (not containing ASK
modulated data) by the LO defined in figure 4.2. The resulting spectrum has a lot of
resemblance with the spectrum in figure 3.2. The spectrum is given in figure 4.14 and the
MatLab file is given in Appendix B5.
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Figure 4.14: Detection with an A5K FM modulated LO signal

Signals are present at the frequencies hF + fsub]> hF + fsub2 and at frequencies which are

frequency

hF
fsub]

fsub2

hF + fsub!

hF - fsub]

hF + fsub2

hF - fsub2

hF + fsub] + fsub2

hF - fsub! - fsub2

hF + fsub] - fsub2

hF - fsub! + fsub2

hF + 2fsub]

hF - 2fsub]

hF + 2fsub2

hF - 2fsub2

optical (GHz)
(fig. 3.2)
11.2
5
3.2
16.2
6.2
14.4
8
19.4
3
13
9.4
21.2
1.2
17.6
4.8

electrical (MHz)
(fig. 4.14)
5.6
2.5
1.6
8.1
3.1
7.2
4
9.7
1.5
6.5
4.7
10.6
0.6
8.8
2.4

Table 4.2: Frequency comparison
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combinations of those frequencies. We see that the difference in level between the signals
around 7.2 MHz and 8.1 MHz compared to those around 9.7 MHz and 10.6 MHz is
smaller than the difference between the corresponding frequencies in figure 3.2. In table
4.2 the frequencies of figure 3.2 are compared to those of figure 4.14.

4.5 Measurements

In this section again reference will be made to figure 4.2. The test set up was built up to
node 9 in figure 4.2. The spectra at nodes 3, 4, and 9 were measured as weIl as the
spectrum aLnode 6 in figure 4.1. These measured spectra will be compared to the
simulated spectra given in section 4.4.2.

4.5.1 ASK modulation
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Figure 4.15: Measured ASK spectrum
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For the signa! at node 1 a TTL pseudo random bit sequence is generated by a data
generator (HP 3784A). The signa! at node 2 is generated by a signa! generator (HP
8657A) and both signals are mixed by means of the Mini-Circuits SBL-l mixer. The level
of the subcarrier signa! is 0.3 dBm. The spectrum at node 3 is given in figure 4.15. The
resulting level is lower than in theory because of the efficiency of the mixer and because a
match had to be made between the 750. output of the HP3784A and the 500. impendance
used in the rest of the system. Comparing the spectrum at node 3 to the one determined
with MatLab (figure 4.11) one can see that the shapes of the spectra are similar to each
other. The only rea! difference is that, when comparing the measured spectrum with the
simulated spectrum, the level difference between the first and second lob in the measured
spectrum is higher than in the simulated spectrum. The reason for this will probably be the
characteristic of the mixer.
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Figure 4.16: Measured ASK-FM modulated signal
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4.5.2 FM modulation of the ASK modulated signal

The spectrum at node 4 is measured and given in figure 4.16. When comparing this
spectrum to the spectrum in figure 4.12 we see that the difference in level between the
peak at 1.0025 GHz and the peak at 1.005 GHz is larger in the measured spectrum. This
might depend on the modulation indices which can differ. Also the level of the ASK
modulated signal is restricted to a certain maximum input level at the FM modulator. As
FM modulator the Rohde & Schwarz SMT02 signa! generator is used. The ASK
modulated signa! enters the FM modulator at EXT 2. The FM2 frequency deviation was
set at 2 MHz.
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Figure 4.17: Detection with a non modulated LO signal
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4.5.3 Detection with a IocaI oscillator signaI
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Figure 4.18: Detection with a ASK-FM modulated signal

Resembling section 4.4.2.3 here also two different methods are used. The spectrum at
node 6 in figure 4.1 is given in figure 4.17. The spectrum at node 9 in figure 4.2 is given
in figure 4.18. The difference in level between the measured spectra and the simulated
spectra in figure 4.13 and 4.14 is the same as described in section 4.5.2. As second FM
modulator the FM modulator in [14] is used. The spikes at the signals at 8.1 MHz, 8.8
MHz and 10.6 MHz are so small that they do not contain any significant power. The
difference in level between the peaks at 9.7 MHz and 10.6 MHz is due to the FM
deviation of the second FM modulator. Problem here is that the FM deviation can not be
varied. We can see however, that the spectrum in figure 4.18 has a great resemblance to
the spectrum in figure 3.2.
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The second mixer used for ASK modulation is again an SBL-l. One must keep in mind
that when connecting this mixer to the input of the FM modulator it will severely load the
FM modulator resulting in a drop of of the output frequency. Because of this an
attenuator/50 Ohm adaption is placed between these two parts. As second data generator
the HP 3760A in combination with the Wavetek 132 are used. The second subcarrier (1.6
MHz) is generated by the HP 8082A signal generator.

The differences in level between the signals at the frequencies which will be used further
on (2.5 MHz) in the system and the signals at e.g. 9.7 MHz and 10.6 MHz is as described
different for the measurements and the simulations. This might be contributed to
differences in the modulation index. However when proper filters are used this problem
will not be important at all because only the area around 2.5 MHz (and eventua1ly 1.6
MHz) will be used.
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5. Conclusions and recommendations

First it can be concluded that the spectra at the output of the photodiode are equal for a
standard system using frequency modulation in combination with coherent detection, with
a local oscillator (LO) signal which does not contain modulated data, in comparison with a
single laser transceiver system with a laser that has the function of local oscillator as weIl
as transmitter. Now SPOCS can be used to simulate the defined SLT system because
SPOCS only uses local oscillator signals which do not contain modulated data. With a
bitrate of 560 Mbit/s, for channel 1 (subcarrier frequency of 5 GHz) a BER of 10-9 was
obtained for a received signal power of about -33.4 dBm and for channel 2 (subcarrier
frequency of 3.2 GHz) this received signal power was about -32.9 dBm.

The difference in BER between these two channels can be accredited to the Bandpass
filter used to separate the two channels. This because the filter characteristic is
symmetrical on a logarithmic scale but not on a linear. The steepness of the used filter is 
80 dB/dec. So channel 1 interferes more in channel 2 than channel 2 does in channel 1
because channel 1 uses a higher subcarrier frequency. The difference in BER between the
configuration where the LO laser also acts as transmitting laser (thus containing modulated
data) and the configuration where the LO laser only acts in this way can be explained by
the fact that in the first configuration the spectrum is more densely populated than in the
second configuration and thus interferes more in the wanted data channel.

In the coupier section the first coupier splits the laser output power into two equal signals
since as much power as possible must be used for transmitting power as weIl as LO
power. The second coupier combines the local oscillator signal with the received signal.
Last the third coupier needs to couple as much power on to the fibre to the receiver thus
implying a high coupling ratio for this input/output combination. However the coupling
ratio for the same input/output combination must be as small as possible because the
receiving power will enter the coupier at the same point where the transmitted power
leaves it. This received power must not be coupled to the laser which will happen when
the coupling ratio is large. Therefore a compromise is reached by using a coupling ratio of
50% for all three coupiers i.e. a 3 dB coupier.

It is not necessary to have a frequency controller for frequency locking in both single laser
transceivers because both transceivers use the same hF" It is even not recommendable to
use two frequency controllers because a change in laser frequency will not result in the
wanted hF again because both frequency controllers will thwart each other.

The difference between the simulations done with SPOCS and MatLab should be
investigated closer as should also be done with the difference of these simulations with the
measurement results. The problem is the difference in level between the signals at 14.4
GHz and 16.2 GHz (7.2 MHz and 8.1 MHz for the electrical test set up) and at 19.4 GHz
and 21.2 GHz (9.7 MHz and 10.6 MHz for the test set up). This can be accredited to a
possible difference in modulation index. Since the test set up is not finished it is possible
to devote a traineeship assignment to it. The most important spectrum however is the one
at the point just after mixing the two ASK-FM modulated signais. This has already been
done.
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Appendix A: SPOCS mannal

Al. Introduction to SPOCS

For simulating optical systems the program SPOCS (Simulation Program for Optical
Communication Systems) is available.

Since the manual for SPOCS is written in Dutch and because it is not stated c1early how
to use the program, the parts of the program which are used most will be c1arified in the
following sections. For infonnation on the other subprograms will be referred to [12].

With SPOCS an estimation of the operation of an optica! communication system can be
calculated. The program is suitable for both direct detection systems and coherent optical
systems.

For direct detection systems the possibilities are:
- direct on/off switching
- subcarrier multiplexed systems.

For coherent optical detection systems the possibilities are:
- heterodyne or homodyne systems
- ASK, (CP)FSK, DPSK or MSK modulation
- linear, quadrature or delayline modulation
- AMI, biphase, bipolar or NRZ coding
- polarisation diversity receivers
- phase diversity receivers
- single channel, multichannel or subcarrier multiplexed systems.

The modulation possibilities of the transmitter are, for a subcarrier modulated system,
schematic given in figure Al.

ASK
FSK
DPSK
MSK

Figure Al: Modulation possibilities

Al



SPOCS consists of eight programs:

sys8:

syslas8:

sysinp8:

sysout8:

lastest:

mkdfgd:

mkdfph:

mkdfinpf:

the main program which actually carries out the simulation using a
simplified laser model.
the same main program only now using an extended laser model. lts
properties can be foood in [10].
a help program making the inputfile which contains the
system definitions and the simulation parameters. This program is
also able to create files with the description of Butterworth filters
which will be used in the detector. When other types of filters are
wanted, they must be created with the programs mkdfgd or mkdfph
a help program which uses the resultfile, created by the main
program, to estimate the Bit Error Rate (BER) of the communication
system.
a help program which calculates the begin values which are needed
for the extended laser model. The program also can be used to study
diodes.
a help program usabie for creating files with the description of
filters with a given amplitude transfer characteristic and groupdelay.
a help program usabie for creating files with the description of
filters with a given amplitude transfer characteristic and phaseshift.
a help program usabie for creating files which will be used by
mkdfgd and mkdfph.

13457, 17469, 23573
sha230
5e+10 Hz
-34, -32, 0.1 dBm
-3 dBm
-1000 dB
100000
FM 0 1.12e+10 0.2
5.6e+08 6e+06 randat NRZ
1 5.6e+08 6e+06 randat NRZ

During the graduation period use has been made of the programs sys8, sysinp8 and
sysout8. These are therefore the most important programs to the project.

Al. Sysinp8

In the following sections sys8, sysinp8 and sysout8 will be explained by means of an
example. First the default values and menus will be shown followed by the values needed
for the example. To be more clear the aimed inputfile will be given here.

seed
out
sprt
ps
plo
rin
ad
sms
eh1 ASK 8e+09 1 1
eh2 ASK 6.2e+09 1
det
deed 60
ospl 1 -1 7 8 0 0 -1000 -1000 0
dpd 7 8 2 0.75 0.75 0 0
fil 2 3 fl17-33104.d
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amp 3 4 100 0
del 4 5 2.23e-11
fil 5 9 f051-07604.d
amp 9 10 100 0
qua 10 11
amp 11 12 1000 0
fil 12 13 f006704.d
fil 13 0 allpass.d

As the example we take a two channel subcarrier modulated system with subcarrier
frequencies 3.2 GHz. and 5 GHz. The data is ASK modulated. The modulation format for
the laser is FM. The fJF (intermediate frequency) between the laser and the local oscillator
is 11.2 GHz. The detector is defined for the channel with subcarrier frequency 3.2 GHz.

A2.! Defaultvalues of the systemparameters.

When using SPOCS first an inputfile has to be made. This can be done with the program
sysinp8. When starting up this program the fo11owing text will appear on screen.

Are defaultvalues in inputfile (yin) ? n

1 Name result file sysresult
2 Sampling freq 2.1e+10 Hz
3 Power signal -50 dBm
4 Power LO -1000 dBm
5 Ideal FM-response
6 Intensity noise -1000 dB
7 Number of data 100
8 Transient delay 0 samples
9 Coherent Multichannel system
10 Output : statistics

Which line must be changed (0 = none, -1 = all) ?

By giving the line numbers the different values can be changed into values of the system
which wi11 be simulated. Now the different lines will be explained.

ad. 1: the name of the outputfile (no extension needed)
ad. 2: The sample frequency must be chosen high enough (about 10 times the highest

frequency in the spectrum).
ad. 3: either one or multiple values can be chosen. When choosing multiple values first

the starting value must be given, hereafter the stopvalue and last the stepvalue.
These values must be separated by a ','.
When only one value is wanted this value must be defined, whereas the stop- and
stepvalue must be defined O. This wi11 not be shown in the textfile.

ad. 4: for the value of the local oscillator power, only one value can be chosen.
ad. 5: when not choosing an 'Ideal FM-response' a filtername must be given. This

can be defined with the mnemonic 'fmfil name' in the inputfile..
ad. 6: give value of the intensity noise of the local oscillator (in dB.).
ad 7: the amount of bits over which the simulation must be executed.
ad. 8: transient delay in bits.
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ad. 9: a choice can be made between a coherent multichannel system or a subcarrier
system.

ad. 10: SPOCS always generates statistics for the BER calculations. The output can be
expanded with calculations of error counting, output values on the decision
moments, a plot of the distribution, calculation of an eyediagram and calculations
of the spectra on different nodes.

A2.2 Used systemparameters.

Next an example of inputvalues is given according to the inputfile in section A2.

1

2
3
4
5
6
7
8
9
9.1:
9.2:
9.3:
9.4:
10

Name result file
Sampling freq
Power signal
Power LO
ldeal FM-response
lntensity noise
Number of data
Transient delay
Subcarrier system

Modulation format:
Linewidth carrier:
Mod. index
Max modo freq.

Output

sha230
5e+10 Hz
start -34 stop -32 step 0.1 dBm
-3 dBm

-1000 dB
100000
o samples

FM
o MHz
0.2
11. 2 GHz
statistics

Which line must be changed (0 ~ none, -1 ~ all) ?

It can be seen that is chosen for multiple values of the signal power (line 3). Next to it it
is clear that a choice has been made for a subcarrier system with modulation format FM
with an index of 0.8 and anflF of 11.2 GHz (line 9). When defining a modulation index m
one must keep in mind hat the modulation index used in SPOCS is 2N times smaller. With
N as the number of channels.

When all values are correct, one can continue by typing 0 ('no lines have to be changed').

A2.3 Defaultvalues of the channelparameters.

Next the values of the different data transmitter can be given. The structure for a
subcarrier system is as follows:

1
1.1 :
1. 2:
1. 3:
1.4 :
1. 5:
1. 6:

Channel 1
Modulation format:
lF frequency
Freq. deviation
Amplitude
Data Rate
lF-linewidth

FSK
1200 MHz
1000 MHz
1
140 MHz
o MHz

A4



1.7: Datasignal
1.8: Code

randat
NRZ

Which line must be changed (0 = none, -1

Again the different terms will be explained in brief.

add channel) ?

ad. 1:
ad. 1.1:
ad. 1.2:

ad. 1.3:

ad. 1.4:
ad. 1.5:
ad. 1.6:
ad. 1.7:

ad. 1.8:

channel number
available modulation formats are ASK, DPSK and FSK.
the IF of the specific channel (difference between the IF of the system and
the frequency of the subcarrier of this channel.
available deviation formats are !J.A, !J.<I> and !J.f (connected to the
modulation formats in ad. 1.1).
the relative amplitude with regard to the other channels.
One should read Mbps in stead of MHz.
the IF-linewidth of the carrier.
available formats are: 'zerodat '(only zeros), 'onedat' (only ones),
'randat' (random data) and 'altdat n' (alternating data with period n).
available code forms are: 'NRZ' (non return to zero), 'AMI' (alternate mark
inversion), 'bipolair' (bipolar code), 'biphase' (biphase code),
'pulsdoublet '(pulsedoubletcode). AMI, bipolair, biphase and pulsdoublet
can only be used in combination with FSK.

A2.4 Used channelparameters

Again the used values will be shown below.

1
1.1 :
1. 2:
1. 3:
1.4 :
1. 5:
1. 6:
1. 7:
1. 8:
2
2.1 :
2.2:
2 .3 :
2.4:
2.5:
2.6:
2.7:
2.8:

Channel 1
Modulation format:
IF frequency
Modulation index
Amplitude
Data Rate
IF-linewidth
Datasignal
Code

Channel 2
Modulation format:
IF frequency
Modulation index
Amplitude
Data Rate
IF-linewidth
Datasignal
Code

ASK
6200 MHz
1
1
560 MHz
6 MHz
randat
NRZ

ASK
8000 MHz
1
1
560 MHz
6 MHz
randat
NRZ

It will be clear that two channels are defined, in other words, two subcarriers are used.
The frequency of the subcarrier in channel one is 11200 - 6200 = 5000 MHz. The other
subcarrier has a frequency of 11200 - 8000 = 3200 MHz. Further it can be seen that the
data is random and the code is non-return to zero. Comparing this to figure Al it will be
clear that the choice is made for ASK and FM as the modulation formats.
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Next the detector-structure can be defined.

Al.S Detector structure

Detector Structure 1

Choice of elements :
single photodiode
double photodiode
splitter
amplifier
filter
delayline discriminator
ideal squarer
single ideal diode detector
double ideal diode detector
single reaI diode detector
simple delay dly

STOP

Element ?

spd
dpd
spI
amp
fil
del
squ
sid
did
srd

sta

single PIN-FET
double PIN-FET
directional coupIer
polarising splitter
switching amplifier
limiter
subtractor
adder
multiplier
distant reflection

spf
dpf
dcp
psp
swa
lim
sub
add
mul
ref

With these elements a detector can be defined. When giving the element, the nodes
between whom this element will be connected must also be given. One problem however
appears when an optical splitter is needed. To solve this, one must choose a splitter
(spl) . This element can be changed in the textfile into an optical splitter by changing
'spl' into 'ospl'. Since an optical splitter has two inputs a second inputnode must be
defined. This will be done by adding a '-1' between the input node and the first output
node (see the inputfile example in section A2). '-1' is the standard node for the local
oscillator laser input just as '1' is the standard node for the received signal.

Al.6 Used detectorstructure

In this section an example of a detector will be given. The intended detector is given in
figure A2.

trom pholodiodc....
T • 2.23...11 sec

Figure A2: Detector circuit
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Detection circuit 1 :

1: 1 splitter 7 - 8, attenuation 0 dB, imbalance 0 %
TE/TM = -1000 dB, crosstalk TE/TM = -1000 dB, misalignment 0 deg

2: 7, 8 - 2 double photodiode, responsivity = 0.75 (diode1) , 0.75 (diode
2) A/W

3: 2 - 3 filter fl17-33104.d
band pass, center freq. (MHz): 11200, bandwidth (MHz): 10700,

order: 4
4: 3 - 4 amplifier, amplification = 100

noise (f=O) = 0 pA/sqrt(Hz), white
5: 4 - 5 delay demod 2.230000e-11 s = 1 samples
6: 5 - 9 filter f051-07604.d

band pass, center freq. (MHz): 3175, bandwidth (MHz): 1250, order:
4

7: 9 - 10 amplifier, amplification = 100
noise (f=O) = 0 pA/sqrt(Hz), white

8: 10 - 11 squarer
9: 11 - 12 amplifier, amplification = 1000

noise (f=O) = 0 pA/sqrt(Hz), white
10: 12 - 13 filter f006704.d

low pass, cut-off frequency (MHz) : 335, order : 4
11: 13 - 0 filter allpass.d

all pass

OK (y/n) ?

Not much explanation is needed here. Everytime the element is given and also their node
numbers and additional data. The '.d' files in the lines 3, 6, 9 and 11 are filterfiles. These
are textfiles with information on the filters which are defined in sysinpS. These files are
also created by sysinpS. The output of the detector must always have nodenumber '0'.

When sysinpS has been executed the created inputfile can be viewed and, if necessarry,
changed. Hereafter the actual simulation can start.

A3 Sys8

A3.1 Possibilities of sys8

SysS is the main program of SPOCS. This is the program which executes the simulation.
As will be clear by now sysS only runs if an inputfile, made by editing or by using
sysinpS, is present. As stated before this file contains the systemparameters, the topology
of the receiver and the modelparameters of the used subcircuits. When some values are not
defined in the inputfile, e.g. the value of an amplifier, its mnemonic will be given a
standard value.

Depending on what is defined in the inputfile sysS will generate an amount of outputfiles.

*

*

eyepattems can be made out of the files 'resultname.x' with the x-values and
'resultfile_nn.y' with the y-values of the different databits (only for the highest
power). nn will run from '00' to the value defined in the inputfile minus 1 (so the
value defined in the inputfile equals the amount of' .y' -files).
the statistics up to order 6 of the output signaion the wanted decision moments are
present in 'resultname.r'

A7



*
*

*

*

*

the amount of errors are also present in 'resultname.r'.
the signal form on every node number except node °can be extracted from
'resultfile_nn.sig' with nn running from Ol to the amount of wanted signal plots
defined in the inputfile.
the Fourier-spectrum can be made out of the files 'resultname_x.fft' with the x
values (the frequency) and the file(s) ,resultname_nn.fft' with the y-values. nn will
run from '°l' to the amount of wanted spectra, defined in the inputfile. This will
be done in the order of node numbers. So the spectrum of the node which comes
first in the detector will get the filename 'resultfile_Ol.fft'. It is therefore not
necessary to define the wanted spectra in order of node number, e.g. one can easily
ask for the spectrum on node 5 first and next for the spectrum on node 3. The
latter will be in 'resultfile_Ol.fft' in this example.
the distribution of the amplitude of the outputsignaion every node except node °
can be extracted from the files 'resultfile_nn' for the simulated distribution,
'resultfile_nn.dig' for the best suiting Gaussian estimation, 'result_nn.dip' for the
best suiting Pearson estimation and resultname.dix' for the x-values of the
distribution.
the values of the output signaion the decision moments are in 'resultname.ud'.

When the spectrum or time signal at the output of the detector are wanted an allpass filter
must be added at the output. The spectrum or time signal can then be calculated on the
input of the allpassfilter.Viewing at the spectra, time signals or eye patterns can be done
with programs like ' gnuplot'. Gnuplot however only reads one inputfile. Since sys8
generates more than one file (it also genrates the x-values) a small program to be used for
viewing spectra has been made. The program is called xas and combines the x- and y
values. Hereafter gnuplot can be used without problems.

A3.2 Eye diagrams

In my configuration a lot of use has been made of the eye diagrams, the power spectra and
the BER-calculation (section A4).

The optimal decision moment can be found by watching the eye-pattern. The eye-pattern
can be generated by running sys8 with the mnemonic 'eye' defined in the inputfile and
with the number of data bits (nd) 50 (or another small value in this area). The noise
parameters must be defined 0. A usabie value for 'eye n' is n = 40. Now 40 files will be
made which, when put together in e.g. 'gnuplot', will form an eye diagram (every file is
one line in this diagram).

When the optimal decision moment is determined, again sys8 can be run, however now
with the relevant values of nd and the noise parameters.

A4. Sysout8

This program calculates the Bit Error Rate (BER). For this 'resultfile.r' is necessarry. To
get a BER-curve it is obvious that several different values of the signal power (ps) must be
defined in the inputfile otherwise sysout8 only calculates the BER for one specific power

A8



value. When starting sysout8 an inputfile must be given. As stated before this must be the
outputfile of sys8 with extension '.r'. Now the detector structure as defined in the inputfile
will appear.

1 splitter 7 - 8, attenuation 0 db, imbalance te 0 %
te/tm = -1000 db, crosstalk te/tm = -1000 db, misalignment = 0 deg

7, 8 - 2 double photodiode, responsivity = 0.75 (diode1) , 0.75 (diode 2)
a/w
2 - 3 filter fl17-33104.d

band pass, center freq. (mhz): 11200, bandwidth (mhz): 10700,
order: 4
3 - 4 amplifier, amplification = 100

noise (f=O) = O.OOOOOOe+OO a/sqrt(hz) , white
4 - 5 delay demodulator 2.230000e-11 s = 1 samples
5 - 9 filter f051-07604.d

band pass, center freq. (mhz): 3175, bandwidth (mhz): 1250, order:
4
9 - 10 amplifier, amplification = 100

noise (f=O) = O.OOOOOOe+OO a/sqrt(hz) , white
10 - 11 squarer
11 - 12 amplifier, amplification = 1000

noise (f=O) = O.OOOOOOe+OO a/sqrt(hz) , white
12 - 13 filter f006704.d

low pass, cut-off frequency (mhz) 335, order 4
13 - 0 filter allpass.d

name of this detection circuit

inputfile ? (type end to stop)

sha90.r

Now the choice can be made whether to add another inputfile or to get on with only one
BER-calculation. In this example the latter will be done. When typing end the following
text appears and two parameters can be chosen. Often 1 and 15, the power signal and the
estimation method will be chosen.

Parameters are

1
2
3
4
5
6
7
8
9

10
11
12
13
14
15

Power signal
Laser lF-linewidth
Detection circuit
Modulation format
lF frequency (0)
delta (mod)
Power LO
lntensity noise
Data rate
Code
FM - response
seed rand. generator
decision delay
Threshold
Approximation method

20 value (s) )
1 value(s))
1 value(s))
2 value (s) )
1 value (s) )
1 value(s))
1 value(s))
1 value(s))
1 value(s))
1 value(s))
1 value(s))
1 value(s))
1 value (s))

4 value (s) )

Which two do you want ?

When a choice is made the program continues.

possible mod. format

A9



1 fm
2 ask
o not important

Which one do you want ?

Since in this configuration the data is ASK modulated, modulation format 2 is chosen.
Next the values of the signal power have to be chosen.

possible values for the variabIe Signal power

1 -3.400000e+01
2 -3.390000e+01
3 -3.380000e+01
4 -3.370000e+01
5 -3.360000e+01
6 -3.350000e+01
7 -3.340000e+01
8 -3.330000e+01
9 -3.320000e+01

10 -3.310000e+01
11 -3.300000e+01
12 -3.290000e+01
13 -3.280000e+01
14 -3.270000e+01
15 -3.260000e+01
16 -3.250000e+01
17 -3.240000e+01
18 -3.230000e+01
19 -3.220000e+01
20 -3.210000e+01

How many do you want? (-1 = all)

Either one, a few or all values can be chosen. When continuing then following text
appears:

Threshold absolute or procentual (alp) ? p

Threshold ? 50

Normally a threshold of 50% is chosen. This is not obliged. Next the estimation method
can be chosen.

Estimation method

1 Gaussian
2 Pearson
3 Extended Pearson
4 (Inverse Pearson)

How many do you want (-1 = all) ?

The Pearson estimation is mostly used because it is closer to the real values of the BER
than the Gaussian estimation. On the UNIX-machine however, sysout8 using the Gaussian
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estimation doesn't have any problems running whereas the other three do have problems
(they can only calculate the BER for one value of the signal power).

The calculated data now can be put into aresultfile and/or a plotfile. These files have the
extensions '.ber' for the resultfiles and '.pbx' and '.pby' [or the plotfiles. In the first file
the BER-values are filed and with the other two the BER-curve can be shown. The .ber
file is given next. The first column is the received signal power, the second column is the
BER with the Gaussian estimation and the third column the BER curve with the Pearson
estimation.

-3.400000e+OOl
-3.390000e+OOl
-3.380000e+OOl
-3.370000e+OOl
-3.360000e+OOl
-3.350000e+OOl
-3.340000e+OOl
-3.330000e+OOl
-3.320000e+OOl
-3.310000e+OOl
-3.300000e+OOl
-3.290000e+OOl
-3.280000e+OOl
-3.270000e+OOl
-3.260000e+OOl
-3.250000e+OOl
-3.240000e+OOl
-3.230000e+OOl
-3.220000e+OOl
-3.210000e+OOl

2.884537e-003
2.771694e-003
2.663572e-003
2.559968e-003
2.460722e-003
2.365657e-003
2.274598e-003
2.18738ge-003
2.10387ge-003
2.02390ge-003
1.94733ge-003
1.874025e-003
1.803835e-003
1.736638e-003
1. 672305e-003
1.610716e-003
1.551756e-003
1.495307e-003
1.441272e-003
1.389547e-003

1.774903e-004
1.402530e-004
1.080073e-004
8.059173e-005
5.779488e-005
3.938683e-005
2.508378e-005
1.454215e-005
7.340985e-006
2.967441e-006
7.937212e-007
7.575217e-008
O.OOOOOOe+OOO
O.OOOOOOe+OOO
O.OOOOOOe+OOO
O.OOOOOOe+OOO
O.OOOOOOe+OOO
O.OOOOOOe+OOO
O.OOOOOOe+OOO
O.OOOOOOe+OOO

Next to it the sensitivity [or aspecific BER can be calculated. At last the choice can be
made to examine other parameters, to add files or to stop.
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Appendix B: MatLab files

BI MatLab file belonging to figure 4.10

'test7.m'

hold off;
%kanaal 1

% Nr of bits (macht van twee)
nrspb = 2048;
nrbits = 16;
nrsamples = nrspb*nrbits;
rb = 2.8e3;
Tb = l/rb;
Ts = Tb/nrspb;
fs = l/(Ts*nrsamples);

% binaire bitstroom
bitl = fix(2*rand(1,16));
bl = bitl(fix((O: (nrsamples-l))*nrbits/nrsamples)+l);

%ASK modulatie
f1 = 25e3;
Teind = nrbits*Tb;
t = [O:Ts:Teind-Ts];
askl = bl.*cos(2*pi*fl*t);

%kanaal 2
%binaire bitstroom
bit2 = fix(2*rand(1,16»);
b2 = bit2(fix((0: (nrsarnples-l»)*nrbits/nrsamples)+l);

%ASK modulatie
f2 = 16e3;
Teind = nrbits*Tb;
t = [O:Ts:Teind-Ts];
ask2 = b2.*cos(2*pi*f2*t);

%FM modulatie
fcl = le6;
m = 0.5;
thetal = m.*bl.*sin(2*pi*fl*t);
theta2 = m.*b2.*sin(2*pi*f2*t);
xl = cos(2*pi*fcl*t + thetal + theta2);
x3 = cos(2*pi*fcl*t + thetal);

% spectrum
%f = fcl - (nrsamples*fs/2) :fs:fcl + ((nrsamples-l)*fs/2);
f = O:fs: (nrsamples-l)*fs;
fmspecl = 2/nrsamples*fft(xl);

%detectie
fc2 = 944e3;
x2 = cos(2*pi*fc2*t);
x4 = cos(2*pi*fc2*t + theta2);
y = xl.*x2;
z = x3.*x4;
yspec = 2/nrsarnples*fft(y);
zspec = 2/nrsamples*fft(z);
logy = 10*loglO(abs(yspec»;
logz = 10*loglO(abs(zspec));

subplot (2,1,1);
plot(f(1:680), logy(1:680), 'y');
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xlabel ('frequency [Hz]');
ylabel ('spectral density [dBW/Hz] ');
title ('configuration 1');
subplot (2,1,2);
plot(f(1:680), logz(1:680), 'r');
xlabel ('frequency [Hz] ');
ylabel ('spectral density [dBW/Hz] ');
title ('configuraton 2');
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B2 ASK modulation

% ASK

% Nr of bits (macht van twee)
nrspb = 128;
nrbits = 64;
nrsamples = nrspb*nrbits;
rb 280e3;
Tb l/rb;
Ts = Tb/nrspb;
fs = l/(Ts*nrsamples);

% binaire bitstroom
bit = fix(2*rand(1,64));
b = bit(fix((O: (nrsarnples-1))*nrbits/nrsamples)+1);

%ASK modulatie
fl = 2. 5e6;
Teind = nrbits*Tb;
t = [O:Ts:Teind-Ts];
ask = b.*cos(2*pi*f1*t);

% spectrum
f = O:fs: (nrsamples-1)*fs;
fmspecl = 2/nrsamples*fft(ask);
logfft = 10*log10(abs(fmspec1));

plot (f(1:1l40), logfft(1:1l40));
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B3 A8K FM modulation

% ASK-FM

hold off;

% Nr of bits (macht van twee)
nrspb = 16384;
nrbits = 64;
nrsamples = nrspb*nrbits;
rb 280e3i
Tb I/rb;
Ts = Tb/nrspbi
fs = l/(Ts*nrsamples);

% binaire bitstroom
bit = fix(2*rand(1,64));
b = bit(fix(O: (nrsamples-l))*nrbits/nrsamples)+l);

%ASK modulatie
f1 = 2. 5e6;
Teind = nrbits*Tb;
t = (O:Ts:Teind-Ts];
ask = b.*cos(2*pi*fl*t);

%FM modulatie
fcl = le9;
m = 0.8;
theta = b.*m.*sin(2*pi*fl*t);
xl = cos(2*pi*fcl*t + theta) i

% spectrum
f = O:fs: (nrsamples-l)*fs;
fmspecl = 2/nrsamples*fft(xl);
logfft = 10*loglO(abs(fmspecl));
xlabel ('frequency (Hz] ');
ylabel ('spectral density (dBW/Hz] ');
plot (f(227435:2297l5),logfft(227435:2297l5));

B4



B4 Detection with a non modulated LO signal

% ASK-FM

hold off;

% Nr of bits (macht van twee)
nrspb = 16384;
nrbits = 64;
nrsamples = nrspb*nrbits;
rb 280e3;
Tb l/rb;
Ts = Tb/nrspb;
fs = l/(Ts*nrsamples);

% binaire bitstroom
bit = fix(2*rand(l,64));
b = bit(fix((O: (nrsamples-1))*nrbits/nrsamples)+1);

%ASK modulatie
f1 = 2. 5e6;
Teind = nrbits*Tb;
t = [O:Ts:Teind-Ts];
ask = b.*cos(2*pi*f1*t)j

%FM modulatie
fc1 = 1e9;
m = 0.8;
theta = b.*m.*sin(2*pi*f1*t);
xl = cos(2*pi*fc1*t + theta);

%detectie
fc2 = 994.4e6;
x2 cos(2*pi*fc2*t)j
y1 = x1.*x2;

% spectrum
f = O:fs: (nrsamples-1)*fs;
fmspec1 = 2/nrsamples*fft(y1);
logfft = 10*log10(abs(fmspec1));
xlabel ('frequency [Hz]');
ylabel ('spectral density [dBW] ');
plot (f(1:2740),logfft(1:2740));
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B5 Detection with an ASK FM modulated LO signal

% ASK-FM

hold off;

% Nr of bits (macht van twee)
nrspb = 16384;
nrbits = 64;
nrsamples = nrspb*nrbits;
rb = 280e3;
Tb l/rb;
Ts = Tb/nrspb;
fs = l/(Ts*nrsamples);

%kanaal 1

% binaire bitstroom
bit1 = fix(2*rand(l,64»;
b1 = bit1(fix((0: (nrsamples-1»*nrbits/nrsamp1es)+l);

%ASK modulatie
fl = 2. 5e6;
Teind = nrbits*Tb;
t = [O:Ts:Teind-Ts];
ask1 = b1.*cos(2*pi*f1*t);

%FM modulatie
fc1 = 1e9;
m = 0.8;
theta1 = b1.*m.*sin(2*pi*f1*t);
xl = cos(2*pi*fc1*t + theta1);

%kanaal 2

%binaire bitstroom
bit2 = fix(2*rand(l,64»;
b2 = bit2(fix((0: (nrsamples-1»*nrbits/nrsamples)+l);

%ASK modulatie
f2 = 1.6e6;
ask2 = b2.*cos(2*pi*f2*t);

%FM modulatie
fc2 = 994.4e6;
theta2 = b2.*m.*sin(2*pi*f2*t);
x2 = cos(2*pi*fc2*t + theta2);

%detectie
y1 = x1.*x2;

% spectrum
f = O:fs: (nrsamples-1)*fs;
fmspec1 = 2/nrsamples*fft(y1);
logfft = 10*log10(abs(fmspec1»;
xlabel ('frequency [Hz] ');
ylabel ('spectral density [dBW/Hz] ');
plot (f(1:2740),logfft(1:2740»;
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Appendix C: Used equipment

The following equipment has been used for and in the test set up described in chapter 4.

Generators:

Hewlett Packard
Hewlett Packard
Hewlett Packard
Hewlett Packard
Hewlett Packard
Rohde & Schwarz
Rohde & Schwarz
Wavetek

3325A
3760A
3784A
8082A
8657B
SME02
SMT02
132

Synthesizer/function generator
Data generator
Digital transmission analyzer
Pulse generator
Signa! generator 0.1-2060 MHz.
Signal generator 5 kHz-1.5 GHz.
Signal generator 5 kHz-1.5 GHz.
VCGlNoise generator

EC4G
EC1G
EC136G
EC3G
EC123G

EC142G
EC121G

Amplifiers & attenuators:

EC9-F
EClO-F
EC20-F

Hewlett Packard
Hewlett Packard
Hewlett Packard
Hewlett Packard
SCD

Mixers:

Mini-Circuits
Mini-Circuits

Power Supplies:

355C
355D
355D
8494A
1O-22-lOA

SBL-I
LMX-149

VHF attenuator DC-1OO0 MHz.
VHF attenuator DC-1000 MHz.
VHF attenuator DC-1000 MHz.
Attenuator/11dB DC-4 GHz.
Amplificateur 0.1 MHz-lOOO MHz. EC076K

LOIRF: 1-500 MHz, IF: DC-500 MHz.
LO/RF: 10-1500 MHz, IF: DC-15oo MHz.

Delta Elektronika
Delta Elektronika

Measure equipment:

DOI5-1.5
E015-2

Power supply 0-15 V., 0-1.5 A.
Power supply 0-15 V., 0-2 A. EC32V

Tektronix
Tektronix

2465DVS
2712

Oscilloscope
Spectrum analyzer 9 kHz-1.8 GHz. EC026A

Cl
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