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Abstract

The feasibility of broadband indoor wireless radio communications network at 60 GHz
has been examined during the last years by the telecommunications industry. Still
there isn't a baseband system implemented (for the 60 GHz frequency band) in such
way that it meets with the low cost expectations of the internetting customer
nowadays. The ability to plug in at any time and every place on the WLAN is an
important demand.

The challenge is to find a simple baseband scheme that can handle the problems that
occur at 60 GHz and also meet with the needs of the customer.
To accomplish this, a profound search is needed. These are some of the research
items:

• Modelling of the 60 GHz indoor radio channel for Wireless LAN
• List all the candidate digital modulation systems
• Compare the modulation schemes with each other ascertain from some

criteria (low complexity, multipath robustness, large bandwidth and low
required power), choose the one with the most advantages. See if the chosen
digital modulator has derivations, and which would be the most optimal
choise. Low complexity is inherent to low costs

• Simulation of the transmission system

Because of the high frequency and low level of transmitted power only a little
amount of power can be received at 60 GHz. An advantage of channels operating at
millimeter wave frequencies, when compared with those operating in conventional
lower-frequency bands, is the availability of an abundance of spectral space, which is
required for a high information transport capacity. An important property is that the
time dispersion of millimeter wave channels is smaller.

By using OFDM after the digital modulator multipath effects is mitigated.

A weak point that was found using OFDM, is that it's sensitive to phase errors
between the transmitter and receiver. The main sources are frequency stability
problems; phase noise of the transmitter, and any frequency offset errors between
the transmitter and receiver. Reducing the numbers of subcarriers can alleviate solve
this problem. The less subcarriers used the less complex the system is, also usage of
blind equalization lowers down the complexity.

In Chapter 2, the propagation behavior in a real channel is explained in a nutshell.
This means that the signals are modified during transmission, so the received signals
consists of a combination of attenuated, reflected, refracted and diffracted replicas of
the transmitted signal. Also the channel adds noise to the signal and can cause a
shift in the carrier frequency if the transmitter, or receiver is moving.

In Chapter 3, a brief description is given of the OFDM theory and how the system is
build up. At first the principle of OFDM is explained, also some important parts of the
OFDM system model are highlighted. With an overview of the OFDM system, it is
valuable to discuss the mathematical definition of the modulation system. At the end
of the chapter some disadvantages of OFDM are highlighted. Here the cyclic prefix is
also introduced.
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In Chapter 4 the 60 GHz channel is explained; what are the problems we can meet
at such high frequency and what are also the advantages. The wireless LAN won't
work the same way as on 5 GHz or lower frequencies, here for the transceiver has to
be adapted. The distance involved on the 60 GHz are also small in comparison with
lower frequencies.

In Chapter 5 the OFDIIIJ and single carrier models are tested in Matlab/Simulink. The
aim is to make a model that can be used to simulate an OFDM/DQPSK system at 60
GHz in a Wireless LAN.

3
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1. Introduction
Wireless data infrastructure is of great interest for many applications such as
interactive media, database access, and Internet access. Nowadays the most used
wireless connection is the GSM (Global System for Mobile) communication, which is
designed for voice transmission. The maximum bit rate is limited to 9.6 kbitjs. This
is obviously not enough to comply with subscribers need. The consumers are looking
to wireless data transceivers to convey all types of information, the demand for
wireless gear that is capable of transmitting farther, faster and more efficiently than
ever before [17].

The 4th Generation Wireless (4GW) work is a natural progression in line with the
evolution of wireless multimedia systems from circuit switched networks to packet
switch networks.

This supposedly 'new' generation of wireless systems is intended to complement or
replace third generation systems, as well as second generation systems that have
already been in use for about a decade. A classical approach would design such a
'system' in the same ways as the previous generations wireless systems, i.e. again
focus on higher data rates and finding new frequency bands for a worldwide
standard.

An Orthogonal Frequency Division Multiplexing (OFDM) based modulation is a good
candidate in combination with DQPSK for broadband wireless systems. DQPSK
reduces the complexity at the cost of only a little amount of power in comparison
with the other modulation techniques. It's well known that on 60 GHz a little amount
of power can be received. This scheme is well suited for transmitting high data rates
in frequency-selective slow fading channels, and in the case of a properly
dimensioned system the fading experienced by each subchannel is flat. In several
countries, the 60 GHz unlicensed band provides up to 5 GHz of available bandwidth.
New FCC recommendations allow planning for even more spectrum.

Significant limitations, such as shadowing and fast variation of the interference
characteristics in office and shopping mall environment, have been investigated. The
results give a clear idea of the time variations of the channel quality for which we try
to identify potential solutions. This scheme is well suited for transmitting high data
rates in frequency selective fading channels.

Thesis: X.A. Bibiana 9
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2. Characteristics of Radio propagation

In a single radio channel the received signal would consist of only a single direct path
signal, which would be a perfect reconstruction of the transmitted signal. However in
a real channel, the signal is modified during transmission in the channel. The
received signal consists of a combination of attenuated, reflected, refracted, and
diffracted replicas of the transmitted signal. On top of all this, the channel adds noise
to the signal and can cause a shift in the carrier frequency if the transmitter, or
receiver is moving.

2.1. Attenuation

Attenuation is the drop in the signal power when transmitting from one point to
another. It can be caused by the transmission path length, obstructions in the signal
path and multi path effects. Figure 1 shows some of the radio propagation effects
that cause attenuation. Any objects, which obstruct the line of sight signal from the
transmitter to the receiver, can cause attenuation.

Figure 1: Radio propagation effects

Shadowing of the signal can occur whenever there is an obstruction between the
transmitter and receiver. It's generally caused by bUildings and hills, and is the most
important environmental attenuation factor.

Shadowing is most severe in heavily built up areas, due to the shadowing from
bUildings. However, hills can cause a large problem due to the large shadow they
produce. Radio signals diffract off the boundaries of obstruction, thus preventing
total shadowing of the signals behind hills and bUildings. However, the amount of
diffraction is dependent on the radio frequency used, with low frequencies diffracting
more then high frequency signals. Thus high frequency signals, especially, Ultra High
Frequencies (UHF), and microwave signals require line of sight for adequate signal
strength. To over come the problem of shadowing, transmitters are usually elevated
as high as possible to minimize the number of obstructions. Typical amounts of
variation in attenuation due to shadowing are shown in Table 1.

Thesis: X.A. Bibiana 10



11

Description Typical Attenuation due to shadowing
Heavilv built-up urban center 20 dB variation from street to street
Sub-urban area 10 dB qreater siqnal power the built-up urban center
Open rural area 20 dB qreater siqnal power then sub-urban areas
Terrain irreqularities and tree foliage 3-12 dB signal power variation

Table 1: Typical attenuation in radio channel outdoor

Description Attenuation I
Office wall 6 dB
Metal door in office wall 2 dB
Metal frame qlass wall in to buildinq 6 dB
Office Hard partitions 7 dB

Table 2: Typical attenuation indoor

Shadowed areas tend to be large, resulting in the rate of change of the signal power
being slow.

2.2. Multipath characteristics of a radio wave

Radio waves propagate through space as traveling electromagnetic (EM) waves. The
energy of signals exists in the form of electrical (E) and magnetic (H) fields. Both E
and H fields vary sinusoidally with time. The two fields always exist together because
a change in electrical field generates a magnetic field and change in magnetic field
generates an electrical field. There is a continuous flow of energy from one field to
the other.

Electric lidd
F

Magnetic field
L3

Figure 2: Electromagnetic waves

Radio waves arrive at a mobile receiver from different directions with different time
delays. They combine via vector addition at the receiver antenna to give a resultant
signal with large or small amplitude depending upon whether the incoming waves
combine to reinforce each other or cancel each other. As a result, receiver at one
location may experience a signal strength several tens of dB different from a similar
receiver located only a short distance away. As mobile moves from one location to

Thesis: X.A. Bibiana 11
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another, the phase relationship between the various incoming waves also changes.
Thus, there are substantial amplitude and phase fluctuations, and the signal is
subjected to fading. It should also be noted that whenever relative motion exists
there is a doppler shift in the received signal. In the mobile radio case, the fading
and doppler shift occur as a result of motion of the receiver through a spatially
varying field. As the mobile station approaches the source the apparent frequency
increases while as you move away from the source the apparent frequency
decreases. Any of these objects moves in a manner that causes an increase
(decrease) in the length of a propagation path between the source and receiver; it
induces a corresponding expansion (or compression) of the time axis for the received
signal.

Figure 3: Multipath signals

It also results from the motion of the scatters of the radio waves (e.g., cars, trucks,
vegetation). The effect of the multipath propagation (Figure 3) is to produce a
received signal with amplitude that varies quite substantially with location. At higher
frequencies, the motion of the scatters also causes fading to occur even if the mobile
set or handset is not in motion.

Thesis: X.A. Bibiana 12
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Figure 4: Typical fading characteristics

Figure 4 shows the fading characteristics of a mobile radio signal. The rapid
fluctuations caused by the local Multipath are known as fast fading (Rayleigh fading).
The long-term variation in the mean level is known as slow fading (normal fading).
The slow fading is caused by movement over distances large enough to produce
gross variations in the overall path between the base station and the mobile.

Thesis: X.A. Bibiana 13
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2.2.1. Dopplershift

Consider a receiver moving at a constant velocity v, along a path segment having
length d between point A and A'. While it receive signals from a remote source 5, as
illustrated in the figure below.

Direction
of motion

Figure 5: Calculation of Doppler shift

The difference in path length traveled by the wave from source 5 to the mobile at
points A and A' is ,1/ = d cos a = -v,1t cos a where ,1t is the time required for the
mobile to travel from A to A', and a is assumed to be the spatial angle between the
incoming radio wave and the direction of motion of the receiver. The phase change in
the received signal at point A' with respect to that at point A therefore is

,1t1> = 21r,1/ = _ 2nv,1t cos a
'I' A A '

(1)

and hence the apparent change in frequency, or Doppler shift is given by fd , where,

1 ,1¢J v
fd = _.- = -cosa.

21r ,1t A
(2)

This equation relates the doppler shift to the mobile velocity and the spatial angle
between the direction of the motion of the mobile and the direction of the arrival of
the wave. It can be seen from the equation that if the mobile is moving toward the
direction of arrival of the wave, the Doppler shift is positive and will not be the same
as the source. When the mobile is moving toward the receiver the frequency of the
received signal is higher then the source (i.e. the apparent received frequency is
increased), and if the mobile is moving away from the direction of arrival of the
wave, the Doppler shift is negative (i.e. the apparent received frequency is
decreased).

Thesis: X.A. Bibiana 14
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3.0FDM

Orthogonal frequency division multiplexing (OFDM) is simply defined as a form of
multicarrier modulation where the carrier spacing is carefully selected so that each
subcarrier is orthogonal to the other subcarriers. Two signals are orthogonal if their
dot product is zero. That is, if you take two signals multiply them together and if
their integral over an interval is zero, then two signals are orthogonal in that
interval. Orthogonality can be achieved by carefully selecting carrier spacing, such as
letting the carrier spacing be equal to the reciprocal of the useful symbol period. As
the subcarriers are orthogonal, the spectrum of each carrier has a null at the center
frequency of each of the other carriers in the system. This results in no interference
between the carriers, allowing them to be spaced as close as theoretically possible.
Mathematically the signals are orthogonal if,

fb \jf (t)v* (t)jt = {K for p = q
p q 0 for p f; q

a

* Indicates the complex conjugate and interval [a,b], is a symbol period: Since the
carriers are orthogonal to each other the nulls of one carrier coincides with the peak
of another sub carrier. As a result it is possible to extract the sub carrier of interest.

Allnasl Fbi
/ F:>dihgCbhh..1,.

I ._: I f
I I
I S.beh~hh..J I

B::. hd"id.lh.
:-41---------------............ :

lobi B~hdwidlh

Figure 6: OFDM Spectrum

Each symbol is sending in parallel in different subchannels such that each one
experiences a different flat fading channel. Sub channels are orthogonally placed in
the spectrum in order to allow spectrum overlapping.

From the figure illustrated, it is clear that OFDM is a highly efficient system and
hence is often regarded as the optimal version of multicarrier transmission schemes.
The number of sub channels transmitted is fairly arbitrary with certain broad
constraints.

Consider a single OFDM carrier, the transmitted pulse can be modeled as a sinusoid
multiplied by a RECT function. In the frequency domain, the resulting spectrum has a
sinc(x) shape centered at the carrier frequency as shown in the Figure 7.

Thesis: X.A. Bibiana 15
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Typical OFDM waveform in Time Domain

-T--~

Typical OFDM spectrumin Frequency Domain

Figure 7: Single Carrier OFDM

Relative to single carrier techniques (SCM), the OFDIV1 carriers occupy a significant
amount of bandwidth of the spectrum relative to the symbol rate.

Data in

Data out

Figure 8: Basic OFDM System

The basic OFDM transmitter and receiver looks like Figure 9; Figure 10 gives you a
wider vision how the OFDM system is.

,---------------------------------------------I Corri." I
I Phase 1 j ) :

I I

Figure 9: OFDM system

Thesis: X.A. Bibiana 16
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The orthogonality of subchannels in OFDM can be maintained and individual
subchannels can be completely separated by the FFT at the receiver only when there
are no inter symbol interference (lSI) and inter carrier interference (leI) introduced
by channel distortion. Due to multipath the signal arrives at different instances at the
receiver as shown in Figure 10. This results in a delay spread, which leads to lSI.

Receive'r----'fr,.--,

Tran Smitler

!
Dela" Spread---J ~,. ,

Figure 10: Delay spread

Increasing the symbol duration is the answer to overcome lSI. One of the
possibilities is increasing the number of subcarriers, so that the distortion becomes
insignificant.
Another way to prevent lSI is to create a cyclically extended guard interval where
each OFDM symbol is preceded by a periodic extension of the signal itself.
The symbol duration is T = Tg + Tu, where Tg is the guard interval and Tu is the
useful symbol duration. Since the insertion of a guard interval will reduce the data
throughput, Tg is Tul4 [15,16].

Tg=O.8usec Tu=3.2usc

Thesis: X.A. Bibiana
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Figure 12: Symbol duration

The figure above shows two copies of the same signal. Each copy took a different
path so they will arrive at the receiver at slightly different times where they will be
combined in the receiver's antenna into a single signal. In the time interval denoted
by the box marked Tu, a symbol will only interfere with itself. This amounts to a
scaling and rotation of the symbol, nothing more. In the guard region, it's easy to
see that the resulting signal will have contributions from both systems thereby
causing lSI. The guard interval is ignored in the receiver, so the lSI does not
degrade receiver performance. Be sure the guard time is larger as the delay time,
but not so long that throughput is lost.

Mathematically, each carrier can be described as a complex wave:

(3)

The real signal is the real part of SeCt). Ae(t) and ¢le(t), the amplitude and phase of
the carrier, can vary on a symbol by symbol basis. The values of the parameters are
constant over the symbol duration period. OFDM consists of many carriers. Thus the
complex signals Ss{t) is represented by

where,

Ss(t)= ~ LAN(t~j[aJnt+qln(t)],
n=O

(4)

This is of course a continuous signal. Consider the waveforms of each component of
the signal over one symbol period, then the variables A{t) and ¢le{t) take on fixed
values, which depend on the frequency of that particular carrier, and so can be
rewritten:

Thesis: X.A. Bibiana
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If the signal is sampled using a sampling frequency of liT, then the resulting signal
is represented by:

55 (kT) = ~YAnei[(ClJ(J +n,1w'j<T +¢n] .

n=O

(5)

At this point, the time has been restricted over 1\1 samples. It's convenient to sample
over the period of one data symbol. Thus we have a relationship t = kT, this
simplifies (5), without a loss of generality by letting mo = 0, then the signal becomes:

(6)

Now Eq. 6 can be compared with the general form of the inverse Fourier transform:

g(kT) =~ ~G[~ei2",nk/NJ'
N n=O NT

(7)

In Eq. 6, the function Aneiepn is no more than a definition of the signal in the sampled

frequency domain, and 5 5 (kT) is the time domain representation. Equations 6 and 7
are equivalent if:

LIm 1
-=-
21t NT

(8)

This is the same condition that was required for orthogonality. One consequence of
maintaining orthogonality is that the OFDM signal can be defined by using Fourier
transform procedures.

OFDM also got his disadvantages, here follow the most important ones:

• Overhead due to cyclic prefix

The cyclic prefiX as mentioned is 1/4th of the duration of the symbol time. As a result
there is a significant overhead due to the guard band hence the throughput is
reduced. There is one way to eliminate the guard requirement and that is by
incorporating large numbers of carriers. However as the number of carriers increases
the FFT calculation increases thereby increasing the FFT latency. Large numbers of
sub carriers also cause stringent requirements on the carrier synchronization
circuitry.

Thesis: X.A. Bibiana 19
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• Critical frequency control requirement

OFDM relies on orthogonality between the overlapped subcarriers achieved by
frequency control to within one percent of the subcarrier spacing. Frequency offset
errors mean that the subcarriers are no longer orthogonal, resulting in intercarrier
interference and severe degradation in performance. This is often known as FFT
leakage. Frequency drift is one of the biggest problems and is caused due to Doppler
spread. Figure 13 shows the concept of leakage.

Figure 13: FFT Leakage

• High Peak Average Power

A number of modulated subcarriers added up coherently gives a large peak to
average power ratio. The peak power is the power of a sine wave with an amplitude
equal to max envelope value.

Where,

PAPR=[~J 1'.5. k '.5. N (9)

I\J = modulated tones
E[.] = expected value or average value of the time domain
And PAPR in Eq. 9 is the peak average power ratio of one subcarrier.

Thesis: X.A. Bibiana 20
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[
The max signal value]

Crest factor = 20 log = .JPAPR . With PAPR of 0 dB still there
RMS signal value

is a crest factor of 3 dB.

OFDM has a high PAPR, which means that a very linear output amplifier with large
dynamic range is needed. Such amplifiers are inefficient and expensive to operate.
Any amplifier non-linearity causes unwanted out-of-band power. However, the high
magnitude peaks in the OFDM signals occur rarely [20].

A high PAR is undesirable, as it requires a large dynamic range of the D/A and A/D
converter. Consequently they are used very inefficiently, as most of the signal
amplitudes are only a fraction of the dynamic range.

In order to keep quantization noise at an acceptable level, a large precIsion is
required meaning a large numbers of bits. The continuous transmit signal Set) is
obtained by supplying the discrete time samples to the D/A converter and filtering
the outputs using a pulse shaping function. This time signal Set) also exhibits these
large peaks, even more so than the sampled signal.

To decrease the high peak average power there are different reduction techniques:
• Distortion techniques

1. Clipping
2. Peak windowing
3. Peak cancellation

• Non distortion techniques
4. Coding techniques: combine with error correcting ability
5. Scrambling: no error correcting ability

Thesis: X.A. Bibiana 21
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4. The 60 GHz channel

The 59-64 GHz band in Figure 14 was allocated to short range wireless services
including WLAN in 1996 by the FCC as a general purpose unlicensed band partly as
the oxygen absorption in this band will ensure that signals are rapidly attenuated
with distance, minimizing the possibility of interference. Indeed, signals in this band
experience a 15-20 dB/km attenuation, caused by absorption by atmospheric
oxygen. The band provides an abundance of spectral space, which is required for
high data rate (several hundreds of l"lbps) [14].

15 30 60 150 300
Frequency, GHz

I H2O_
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: I! 2
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Figure 14: Attenuation caused by the oxygen (and water vapor) absorption
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Figure 15: Atmospheric Attenuation
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Figure 15 shows how the intensity of precipitation can affect atmosphere
attenuation.

Many reasons, such as limited power, high temperature noise, and high oxygen
absorption, make the range of a millimetre-wave mobile system relatively low.

Time dispersion of millimeter-wave channels is considerably smaller compared with
time dispersion at UHF frequencies due to the stronger attenuation. This is not really
true in an indoor environment in which there is not a large difference between the
distances of the direct path and the reflected path as for the outdoor case. In this
case, the waves of the reflected paths in the latter case are much more attenuated
than the waves of the direct path.

Moreover, layers of concrete or wood reflect the electromagnetic waves. Hence,
channels in indoor and large area environments show strong multipath behavior. The
high penetration loss for most materials in the 60 GHz band is both advantageous,
since any obstacle blocks the LOS path or alternative paths and produces strong
shadow fading. At 60 GHz, the wavelength is 5 millimetres.

We assume that the distances involved in the 60 GHz wireless systems are small
enough to ignore the effect of oxygen absorption.
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4.1. WLAN

A wireless local area network (WLAN) is a flexible data communications system
implemented as an extension to, or as an alternative for, a Wired LAN. Using radio
frequency (RF) technology, WLAN transmit and receive data over the air, minimizing
the need for wired connections. They are also small enough for portable computing
devices and have transmission rates up to a few Mbps.

Achieving wireless access at these high rates is difficult. WLAN systems face
technical problems similar to those encountered in outdoor wide-area radio based
systems, including the limited available bandwidth and fading noise due to multipath
interference and blockage.

WLANs use electromagnetic waves (radio or infrared) to communicate information
from one point to another without relying on any physical connection. Radio waves
are often referred to as radio carriers because they simply perform the function of
delivering energy to a remote receiver. The data being transmitted is superimposed
on the radio carrier so that it can be accurately extracted at the receiving end. This is
generally referred to as modulation of the carrier by the information being
transmitted. Once data is modulated onto the radio carrier, the radio signal occupies
more than a single frequency, since the frequency or bit rate of the modulating
information adds to the carrier.

Multiple radio carriers can exist in the same space at the same time without
interfering with each other if the radio waves are transmitted different radio
frequencies. To extract data, a radio receiver tunes in one radio frequency while
rejecting all other frequencies [12].

In a typical WLAN configuration, a transmitter/receiver (transceiver) (see Figure 16)
device [10], called an access point, connects to the wired network from a fixed
location using standard cabling. At a minimum, the access point receives, buffers,
and transmits data between the WLAN and the wired network infrastructure. A single
access point can support a small group of users and can function within a small
range. The access point (or the antenna attached to the access point) is usually
mounted high but may be mounted essentially anywhere that is practical as long as
the desired radio coverage is obtained.
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Figure 16: WLAN transceiver

The distance over which RF waves can communicate depends on product design
(including transmitted power and receiver design) and the propagation path,
especially in indoor environments. Interactions with typical building objects, including
walls, metal, and even people, can affect how energy propagates, and thus what
range and coverage a particular system achieves. Most WLAN systems use RF
because radio waves can penetrate many indoor walls and surfaces [13].

End users access the WLAN through WLAN adapters, which are implemented as PC
cards in notebooks etc. WLAN adapters provide an interface between the client
network operating system (NOS) and the airwaves via an antenna. The nature of the
wireless connection is transparent to the NOS.

The distances involved in the 60 GHz wireless systems are small enough to ignore
the effect of oxygen absorption (14 dB/km). Further more even if Non Line-of-Sight
(NLOS) situations could provide a difficult link quality, we consider LOS propagation
at 60 GHz in order to calculate the coverage. The loss can be approximated using the
free space loss formula.

Figure 17: Radio signals traveling over multiple paths
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A radio signal can take multiple paths from transmitter to a receiver, called
multipath. Effects of multipath depend on the number of reflective surfaces in the
environment and the distance from transmitter to receiver.
Given a complex baseband transmitted signal set), the effect of multipath is to
produce the sum of many delayed and weighted versions of the transmitted signal.
Specifically, the received signal is given by

M

y(t)= I.ams(t-vm)
m=l

(10)

Where each term is the sum corresponds to a different path, M is the total number of
paths, and am and Vm are the path weight and delay associated with path m. given a
complex baseband transmitted signal set), the path weights am are also complex in
general if the delays Vm are sufficiently large, the paths represented by the terms in
the sum in Eq. 10 are said to be resolvable. That is, the receiver is able to
distinguish the different paths and possibly combine them. For two paths to be
resolvable, the relative time delay between them, vm must be greater than ljW,
where W is the system bandwidth.

Thesis: X.A. Bibiana 26



27

5. System simulation

A simple DQPSK channel was modelled using WII\JIQSIM (see appendix E) and Matlab
Simulink to allow various parameters of the system to be varied and tested. The aim
of doing the simulations was to measure the performance of DQPSK under different
channel conditions. And with different system configurations to be tested. The main
criteria to assess the performance of DQPSK on high frequency levels were: the
channel noise errors, and its tolerance to multipath delay.

5.1. Why DQPSK

Differential encoding of symbols of PSK is a scheme that significantly reduces the
needed complexity in the demodulator. Because the information is encoded in the
phase change between symbol points, recovery of the actual carrier phase is not
necessary. Since frequency is the time rate of change of phase, DPSK can actually be
demodulated with an FM limiter/discriminator type of receiver, which is very simple
to implementate.

One significant disadvantage of DPSK is performance. DPSK typically will perform 2
to 3 dB worse than an equivalent PSK system with coherent demodulation. In a
AWGN channel DQPSK is 2.3 dB worse then QPSK.

Differential encoding of PSK modulation is simple and intuitive. Whenever a bit or
sequence of bits change state, the state change is encoded as a phase change in the
modulated carrier. If the bit sequence does not change, the phase remains the same.
Additional encoding, such as gray coding, can be implemented by properly choosing
the phase change associated with a given bit sequence change. Any 90-deg. phase
change will result in just a change in one bit of a two-bit (M=2) sequence. This
provides some protection against errors.

Non-coherent demodulation of DPSK requires knowledge of current and previous
symbol points to accurately measure the change in phase. This can be derived
through simple trigonometry. Remember, the resulting in-phase/quadrature (I/Q)
sequence from a DQPSK decoder does not represent the actual transmitted symbols.
It is an intermediate result that removes the phase change encoding from the
waveform. The resulting four-level constellation needs to be "sliced" to determine the
phase change associated with the transmitted symbols and reduce this phase change
back to transmitted bit.
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5.2. Basic model used in Simulink

The DQPSK system was modelled using Matlab Simulink the system is showed in
Figure 18. Also a brief description of the model is provided.

Block diagram DQPSK

[~'I 1 0.47ee 1
L.J. Tx Enor Rate

SER

... 1

3.109.+0041

I~I I~I
Total Errors

I~I CalcuJatl-Jn
1

6.4lJ4.+0041
Converter I

I I I I 'I 1
Rx Total Symbols

A\lIGN
Chllnntl Symbol Error R.atio

'1'

Transmitter Receiver

;

Measurement Tools

Measurement tools'desciption:
1. Display block: .

presents transmission statiStics such as:
• Symbol Error Ratio
- Total number'of transmitted symbOls
• Total nu\nber lif errors

Figure 18: DQPSK block diagram in Simulink
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5.2.1. Channel

The AWGN channel adds additive white Gaussian noise to the real or complex
transmitted signal. The model allows for the signal to noise ratio EslNo

1
, SNR,

variance, symbol period and input signal power to be controlled.

The signal to noise ratio EslNo, is the ratio of signal energy per symbol to noise
power spectral density, in decibels.

Symbol period: the duration of a channel period, in seconds.

Input signal power, is the root mean square of the input symbols or input samples,
in watts

The signal to noise ratio SNR: SNR is the ratio of signal power to noise power, in
decibels.

Variance: the variance (if = No) of the white Gaussian noise.

5.2.2. Receiver

The receiver does basically the reverse operation to the transmitter. It demodulates
a signal that was modulated using the differentially quadrature phase shift keying
method.

The output type is set to integer, then there will be a phase difference of e+mnI2.
Where m is 0, 1, 2 or 3. e is the phase offset in radians. This phase difference
between the current and previous modulated symbols results in an output of zero.

5.2.3. Phase Noise Model

It should be investigated how much phase noise can be tolerated for an acceptable
performance.
Phase noise can be interpreted as a parasitic phase modulation in the oscillator's
signal, which ideally would be a unique carrier with constant amplitude and
frequency fa. It's modelled as a phase modulation of the carrier. The modulating
signal is a random process with a uniform Gaussian pdf.

For a given symbol, sampled with frequency fs = liB is
N-l /" kll

s(n)= 2,Sk ·e N ,with n = 0,1.., N-l.
k=O

(11)

This symbol is actually extended with a cyclic prefiX in order to cope with multipath
delay spread. For the sake of simplicity, cyclic prefix will not be considered since it's
eliminated in the receiver. Assuming that the channel is flat, the signal is only
affected by phase noise <:/J(n) at the receiver[21,19]:

r(n)=s(n).eJ¢(n), (12)

1 More about this subject in appendix A

Thesis: X.A. Bibiana 29



30

and it is Orthogonal Frequency Division Demultiplexed by means of a discrete Fourier
transform (OFT):

1 N-l .21rkm
y(k)= - L r(m)- e-iN (13)

N m=O
1 ~m(1 )~l j21r nn _j21r km

=-L.J e 1'l' n L.Js .e N e N

N m=O r=O r

1 ~m( )~ j21r(r_k)m
=- L.J e1'l'm L.Js ·e N

N m=O r=O r

1 ~l ~m() j21r(r_k)m
=- L.Js L.Jelv,m 'e N

N r=O rm=O

In order to separate the signal and noise terms, let suppose that C/J(m) is small, so
that ej¢(m) :::: 1+ j¢J(m). In this case

1 N-l N-l j21r (r-k)m
y(k)::::-LsrLe N (14)

N r=O m=O

j ~l ~ ( ) j21r(r_k)m
+-L.JsrL.J¢J m .e N

N r=O m=O
. N-l N-l j21r(r_k)m

= Sk +LLSr L¢J(m)-e N

N r=O m=O

=Sk+ek'

There is an error ek for each subcarrier, which results from some combination of all
carriers and is added to the useful signal. Analyse the noise contribution more
deeply:

a) if r = k:
. N-l N-l N-l

L L SrL ¢J(m) = j~ L ¢J(m) = j . Sk . <I> .
N r=O m=O N /11=0

( 15)

So we have a common error added to every subcarrier, which is proportional to its
value multiplied by a complex number jC/J that is a rotation of the constellation. This
angle results from an average of phase noise over all of them (which implies low

I \ frequencies of phase noise spectrum) and, since it is constant for all subcarriers, it
r I can be corrected with the information provided by pilots.

b) if r '* k:
. N-l N-I .21r( k)m

L LSr L¢J(m)./N r- (16)
N "=0 m=O

Nk

This term corresponds to the summation of the information of the N-l subcarriers
each multiplied by some complex number, which comes from an average of phase
noise with a special shift2

•

2 More about this subject in appendix B
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5.2.4. IQ Imbalance

y

Amplitude Phase
Imbalance Imbalance

dc
Offset

Figure 19: IQ model

Figure 19 shows the IQ model. This model represents the phase imbalance,
amplitude imbalance and DC offset. The DC offset can occur on either the I or Q
branch. Ideally, these values are zero. Also, E and <t> denote the amplitude and phase
imbalances.
The effects of these imbalances are as follow, given an input data sequence x, the
ideal complex modulate carrier waveform is y(t):

yet) == x1(nT) cos(mt) + jxQ(nT) sin(mt),

while the IQ imbalanced modulated waveform yet) is

Eq. 19 simplifies after adjustment for the DC offset terms to:

(17)

(18)

yet) == [x1(nT)- tXQ(nT)sin(¢)]cos(mt)- &[1 + cos(¢)]xQ(nT)sin(mty(t)

== y(t)- (01 + OQ)' (19)

the imbalanced signal is in general subjected to frequency offset, channel fading, and
received in the presence of additive white noise process. The phase of the imbalance
signal (/JIM

Differs significantly from a properly balance signal (/JBAL
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5.2.5. Test setup used in Simulink

For the simulation of the AWGN channel was chosen for a input signal power of 1
watt and a symbol period of 1 second. The Eb/No was taken in the range of 0 to 15
dB. The data source was set to PRBS. To generate a BER curve a multiple simulation
is required. To do this the Simulink model is required but also a script (M-file).
Every new simulation e.g. the Noise parameter is changed. The aim was to generate
a BER curve for DQPSK at a high frequency.

5.3. DQPSK simulated results using Simulink

5.3.1. BER simulation results

.:. ~

. ' .... ".

,.~: ... of

'.
• Simulated

QPSKlBPSK theoretical
: -~- DPSK theoretical

->- DQPSK theoretical

10'

1Q~

12106 eo
EblNo(dB)

42

10"" '---__-l- -L-- '-__---l.. -L-- '-__-l

o

Figure 20: BER versus Eb/No using DQPSK

Figure 20 shows the BER as function of Eb/No for DQPSK. The simulated DQPSK
results are compared to DQPSK, DPSK and QPSK in theory.
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5.4.2. Phase offset simulation results

Figure 21: BER versus Eb/No at different phase noise deviations

The figure shows that there isn't a big difference between the BER graphs if the
phase noise angles are small. At an EtiNo > 8 dB there is a tiny difference between
the different BER graphs. With EtiNo getting larger the difference is also getting
larger.

Figure 22 shows us the big differences, as the angles are getting larger. At 20
degrees phase noise the BER is almost constant, this means that at 20 degrees the
BER changes relatively a little in comparison with the AWGN channel and the channel
with a phase noise of 10 degrees. It also shows that at a bigger angle the Bit Error
Rate (BER) is significantly higher than at a small entry of degrees.

The phase noise has an allowable maximum at 45 degrees for DQPSK.
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Figure 22: BER versus Eb/No at different phase offset angles

The simulation in Figure 23 is done at a constant Eb/No of 80 dB.
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Figure 23: Error Rate vs. Phase offset (in degrees)

The figure above shows that at a phase offset angle larger then 45 degrees, the bit
error rate BER bottoms.
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5.4.3. Rayleigh fading simulation results
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Figure 24: BER performance under the condition of flat Rayleigh fading

The gain used in this simulation was 0 dB. If u compare Figure 20 with figure 24
you'll see that the rayleigh fading channel has effect on the BER. The BER graph isn't
a curve but it turned into a line, with a little decay in comparison with Figure 20.
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5.4.4. OFDM simulation results

If the channel is flat the received OFDM symbol (transformed in frequency domain by
performing a DFT) is the same as for a Single Carrier (SC) transmission. However
the received energy per bit is Etl(N+/J) , which yields a Signal to Noise Ratio (SNR)
impairment due to relative length of the cyclic prefix (CF).

[ ~: ]OFDM = N ~ ~ [ ~: laseband'
(22)

Where ~ is the length of the cyclic prefix (CF) and N the number of OFDM
subchannels.

The performance of OFDM in an AWGN slow fading channel is therefore shifted by a
factor N/(N+/J) on the EtlNo axis compared to the same single carrier scheme with
the same baseband modulation.

The block diagram in Figure 25 shows an OFDM model. This model is based on the
IEEE 802.11a specifications.

OFDM

TransmiUer

Num Bits

'--_-'-J0I Error r.i!lte

Num Errors

Convolutional
Encodel

Bernoulli Random
Binary Generator

~
Viterbi Decoder OFDM

Receiver
pilots:

Figure 25: DQPSK/OFDM block diagram in Simulink
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Figure 26: BER versus Eb/N o OFDM

The expectation was that BER of the OFDM system would be much better (steeper)
then of DQPSK. But that isn't the case it's even worse then DQPSK.

Puncturing is a procedure of omitting some of the encoded bits in the transmitter,
reducing thus the number of transmitted bits and increasing the code rate. At the
receiver side a dummy 'zero' got to be inserted into the convolutional decoder in
place of the omitted bits. A puncture of a 112 means, that of all bits a duplication is
send. Figure 27 shows an OFDM/DQPSK system with a Y2 and a 3f4 puncture. If the
puncture increases the chance that a bit will be received right decreases. A
disadvantage will be that the BER increases but an advantage is that the data will be
received faster.

Thesis: X.A. Bibiana 39



40

"

\.

-',- OFDM/OQPSJ< JI~Dll'J(::lurin!l

-.. OFDM/DQPSl<. 1i2 ~'ro::l"ling

1d' 0--_-----,-~---.---.,-----1

--~-'- f-+---~~.""""-,,_ '-=-.f-_ - ~ .
-~.

~~ '~~, J-"!=

~ ''\:

~
..j

I
"j
j

10"
o 5 10

i
1S

EblNo;dB)

Figure 27: BER for different OFDM puncturing

As the phase imbalance gets larger, the Bit Error Rate gets worse. Phase imbalance
was varies between 0 and SO degrees.
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10 phase Imbalance for an OFDM system
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Figure 28: IQ phase imbalance

Figure 29 the In-phase dc offset and the I/Q amplitude imbalance varies with the
same values. The difference is not significant. This is due to the fact that the in
phase dc offset doesn't change the In-phase values, it just moves them to the right
or to the left (the whole constellation diagram is moved). The difference in the BER
graphs is due to the I/Q amplitude imbalance. Looking at a constellation diagram it
shows that the plot is stretched horizontally and compressed vertically.
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IIl-Phase Dc offset
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In Figure 30 a 2-way multipath was simulated with a Doppler frequency of a 1000
Hz. The Doppler is chosen high to give the simulator the chance to simulate the
whole channel. If the Doppler frequency was chosen too low, the whole channel
couldn't be simulated due to the fact that the amount of simulated points weren't
enough. The first path had a delay of 0 seconds and a gain of 0 dB, the second path
had a delay of 4.10-6/80 and a gain of 0 dB.
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2-way muilipalh for OFDM
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Figure 30: 2-way OFDM multipath

As can be concluded the OFDM (with coding) is robust for the rayleigh fading in
comparison with the single carrier DQPSK model (without coding) . (Compare Figure
24 with 30).
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Conclusion/Future work

OFDM has been described in theory. This technique has been examined with the help
of a system modulation. The necessary blocks are available and just got to be put in
the right order. They also got to be tuned in the right way so they meet with the
specifications made.

The OFDM in WINOFDM/WII'JIQSIM didn't work optimal due to the fact that there
wasn't enough modulation bandwidth available. Using another type of signal analyzer
can solve this problem. The signal analyzer used didn't have enough capacity; the
consequence was that we get some dispersion on the signal. The dispersion reveals
it self in the signal throUgh spikes.

The effect of I/Q imbalance, phase noise and multipath effects (among which
Rayleigh fading) on the BER system is also studied. The results shows that phase
offset has a greater impact on the system BER then AWGN noise. As the phase offset
degree get larger the system BER get worser. At 45 degrees the BER is at its max,
after that is constant.

The simulations with different puncture shows, that the BER get worse with the
increase of the puncture.

The OFDM system in Simulink still don't have the option to solve PAPR and clipping,
maybe it's a challenge to create a S-function to take care of this problems.

Another challenge for the future maybe to find out what the exact delay parameter is
to be used for the OFDI"1/DQPSK diagram. It could be possible that not only the
DQPSK provides for a delay, maybe the OFDM is also providing for a delay. An
intensive study has to be done on this issue.
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4GW
AWGN
BER
CF
DFT
DQPSK
EHF
FFT
GSM
ICI
lSI
LOS
Mbps
NLOS
NOS
OFDM
PAPR
PRBS
RF
SC
SCM
SNR
SSB
UHF
WLAN

4th Generation Wireless
Additive White Gaussian Noise
Bit Error Rate
Crest Factor
Discrete Fourier Transformation
Differentially Quadrature Phase Shift Keying
Extreme High Frequency
Fast Fourier Transform
Global System for Mobile
Inter Carrier Interference
Inter Symbol Interference
Line of Sight
Mega bits per second
Non-Line of Sight
Network Operating System
Orthogonal Frequency Division Multiplexing
Peak to Average Power Ratio
Pseudo Random Binary Sequence
Radio Frequency
Single Carrier
Single Carrier Modulation
Signal to Noise Ratio
Single Side Band
Ultra High Frequencies
Wireless Local Area Network
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Appendix A: Relation between Es/No and SNR in
an AWGN Channel

The easiest type of digital communications channel to analyze is the Additive White
Gaussian Noise (AGWN) Channel. In an AWGN channel model we assume no
distortion or other effects, other than the addition of white Gaussian noise. The white
Gaussian noise is a model for the thermal noise generated by random electron
movement in the receiver. This model can be thought of as a wire line channel
model, since there is effectively perfect transmission from transmitter to receiver.
The equation for the received signal in an AWGN channel is

R(t) = Set) + N(t)

Where set) is the transmitted signal, R(t) is the received signal, and N(t) is a zero
mean wide-sense stationary random process with power spectral density SUw) =
Ncl2. We can use the performance of the AWGN channel to compare systems using
different methods of modulation.

For complex input signals, the AWGN Channel block relates E:!No and SNR according
to the following equation:

Where,

Es = Signal energy (Joules)
No = Noise power spectral density (Watts/Hz)
Tsym = the symbol period of the block in Es/No mode (s)
Tsamp = the inherited sample time of the block (s)
You can derive this relationship as follows:

= (5/ N) . (Tsym . Fs )

= SNR . (Tsym / Tsamp )

Where
5 = Input signal power (watts)
N = Noise power (Watts)
B n = Noise bandwidth (Hz)
Fs = Sampling frequency (Hz)

Note that Bn =Fs =l/Tsamp . The quantity Es/No is the signal-to-noise ratio with the

noise measured in a symbol rate bandwidth. The quantity SIN is measured in a
sample rate bandwidth.
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For real signal inputs, the AWGN Channel block relates Es/No and SNR according to
the following equation:

Note that the equation for the real case differs from the corresponding equation for
the complex case by a factor of 2. This is so because the block uses a noise power
spectral density of Ncl2 Watts/Hz for real input signals, versus No Watts/Hz for
complex signals.
The following figures illustrate the difference between the real and complex cases by
showing the noise power spectral densities Sn(f) of a real bandpass white noise
process and its complex lowpass equivalent.

Sn(~

-fc

I-B-I

Nol2

fc
I-B-I

Real Bandpass Noise Power Spectral Density

Figure 31: Real Bandpass Noise Power Spectral Density
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Figure 32: Complex Lowpass Noise Power Spectral Density
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Appendix B: veo Phase Noise

The term phase noise is widely used for describing short-term random frequency
fluctuations of a signal. Frequency stability is a measure of the degree to which an
oscillator maintains the same value of frequency over a given time. This may be
specified in a number of ways. Three commonly used terms for describing frequency
stability are used here. An ideal sine wave oscillator may be described by

V(t) = Vasin2Pft

Here Va is the nominal amplitude of the signal, and f the nominal frequency of
oscillation. The instantaneous output of an oscillator may be represented by

V(t) = Va{1 +A(t)}Sin {2Pft+q(t)}

Where A(t) and q(t) represent the amplitude and phase fluctuations of the signal
respectively. The phase term maybe random or discrete and could be seen on the
spectrum analyser. As shown in Figure 34 there are two types of fluctuating phase
terms. The first, discrete signals called spurious, appear as distinct components in
the spectral density plot. The second term, random in nature, appears as random
phase fluctuations and is commonly called phase noise.

A
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-0 is crele Spurious
Signal

FREQUENCV

Figure 33: Spectrum analyser display of phase noise

The source of phase noise is due to thermal and flicker or llf noise. Most oscillators
operate in saturation. Assume that A(t) < < 1.

Many methods are used to characterize phase noise. All methods measure the
frequency or phase deviation of the source under test in either frequency or time
domain. Since frequency and phase are related to each other, all these terms are
also related. One of the most common fundamental descriptions of phase noise is the
one-sided spectral density of phase continuous function, expressed in units of energy
per unit bandwidth. The term spectral density describes the energy distributions as a
continuous function, expressed in units of energy per unit bandwidth. The phase
noise is best described in the frequency domain were the spectral density is
characterized by measuring the noise sidebands on either side of the output signal
center frequency. Single sideband phase noise is specified in dBcjHz at a given
frequency offset from the carrier (Table 3 shows some phase noise at a specified
frequency).
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Offset from Phase Noise at Phase Noise at Phase Noise at Phase Noise at
Carrier 1 GHz Carrier 4 GHz Carrier 8 GHz Carrier 15 GHz Carrier
100 Hz -105 dBc/Hz -85 dBc/Hz -80 dBc/Hz -75 dBc/Hz
1 kHz -115 dBc/Hz -105 dBc/Hz -100 dBc/Hz -95 dBc/Hz

10 kHz -125 dBc/Hz -117 dBc/Hz -107 dBc/Hz -103 dBc/Hz
100 kHz -125 dBc/Hz -117 dBc/Hz -107 dBc/Hz -103 dBc/Hz
1 MHz -145 dBc/Hz -137 dBc/Hz -127 dBc/Hz -123 dBc/Hz

10 MHz -155 dBc/Hz -145 dBc/Hz -145 dBc/Hz -140 dBc/Hz

Table 3: Phase noise at different frequency

The frequency domain information about phase or frequency is contained in the
power spectral density SDq(f) of the phase or in the power spectral density Soref) of
the frequency. Here, f refers to the modulation frequency or offset frequency
associated with the noise like variations in q(t).

Peak phase modulation Dq and peak frequency modulation Of are related as follows:

Dfpeak
Dqpeak = -f-

The one sided spectral distribution of the phase fluctuations per Hz bandwidth is
SDq(f)

5 (f) = (Dqrms t
Dq BW

Here, BW is the bandwidth of Dqpeak measurement. The units of Soq(f) are radian 2Hz-1

bandwidth or dB relative to 1 rad 2 Hz-1 bandwidth. The term Soq(f) is often referred
to as the spectral density and describes the energy distribution as a continuous
function, expressed in units of energy per Hz bandwidth. This is illustrated in Figure
35.

ol.e2rms

FREQUENCY

Figure 34 One sided representation of phase noise spectral density of signal
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Similarly, one sided spectral distribution of the frequency fluctuations per Hz
bandwidth is So,(f) where

Here, BW is the bandwidth of Dfpeak measurement. The units of So,(f) are
(rad sec-1)2Hz-1 bandwidth. It's common to characterize the noise performance of a
signal as the ratio of the sideband power associated with phase fluctuations to the
carrier power level. If the measure is denoted by Sc.

Se(f) = (power density in one sideband per Hz bandwidth at an offset frequency f
away from the carrier)/(Total signal power)

For small phase fluctuations, we can write

Here, b is the modulation index by analogy to modulation theory.

S (f) = [Dfpeak ]2 = (Dfrmsf
c 2F 2F2

Sc(f) = 1/2(SDq(f))

SCBfl is often expressed in decibels relative to the carrier per Hz (c/Hz) and is
related to the power spectrum observed on a spectrum analyzer. The NBS defines
SSB phase noise as the ratio of power in one phase modulation sideband per Hertz
bandwidth, at an offset f Hertz away from the carrier, to the total signal power. Here,
f is the offset frequency from the carrier.

Se(f) =~
Pssb

Where Ps is the carrier power and Pssb is the sideband power in one Hz bandwidth at
an offset frequency of f from the center. This is illustrated in Figure 36.
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Figure 35 SSB phase noise to carrier ratio

The SSB phase noise is usually given logarithmically, that is

serf) in dB = log x 10g[ScCf)]

This is shown in Figure 37 as a spectral density plot of the phase modulation
sidebands in the frequency domain. It's expressed in dB relative to the carrier per Hz
bandwidth.

SSB
PHASE
NOISE
dBc!Hz

I
I

-110 -,.--

I I
-140 - +- - - +- - -
.160 -I---+---;---~.....,._-.. __

I I I

100 1K 10K 100K
OFFSET FROM
CARRIER FREQUENCY (Hz)

Thesis: X.A. Bibiana

Figure 36 SSB phase noise representation

55



Appendix C: m-file

Code to generate a BER curve in an AWGN channel

% Generating a bit error rate curve requires multiple simulations.
% You can perform multiple simulations using the sim command

CodeRate = 2;
EbNoVec = [0:1:13];
EsNoVec = EbNoVec + 10*log10(CodeRate);
BERVec = zeros(length(EsNoVec),3);

% Set up model so it runs until maximum symbols is 1e6
% Also, remove Display block so model run more qUickly.
% 10ad_system('DQPSK');
% set_param(gcs,'StopTime','inf');
% set_param([gcs 'jError Rate Calculation'],'stop','on');
% delete_line('DQPSK','Error Rate Calculationj1','Displayj1')
% delete_block(['DQPSK' 'jDisplay'])

% For each noise level, run the model and save the error data.
for n = l:length(EsNoVec),

EsNodB = EsNoVec(n);
disp(['Iteration #' num2str(n) 'of' num2str(length(EsNoVec))]);
sim('DQPSK');
BERVec(n,:) = BER_Data;

end

% Revert to original parameters in model.
% c1ose_system('DQPSK',O); % Close without saving changes
% open_system('DQPSK');

% Compute theoretical values QPSK.
linEbNoVec = 10,l\(0.1.*EbNoVec);
temp = 0.5. *erfc( (sqrt(2. *linEbl'JoVec)),fsqrt(2));
ber = temp.*(2-temp);

% DPSK
PeDPSK = 0.5. *erfc( (sqrt(linEbNoVec)),fsqrt(2));
berDPSK = PeDPSK. *(2-PeDPSK);

% DQPSK
PeDQPSK = 0.25. *erfc((sqrt(linEbNoVec) ),fsqrt(2));
berDQPSK = PeDQPSK. *(2-PeDQPSK);

% Plot actual and theoretical values on one graph.
figure;
semilogy(EbNoVec,BERVec(: ,l),'r-*',EbNoVec,ber,'m-*',EbNoVec,berDPSK,'k
*',EbNoVec,berDQPSK,'b-*') ;
legend('Simulated','QPSKjBPSK theoretical','DPSK theoretical','DQPSK theoretical');
xlabel('Ebjl'Jo (dB)');
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ylabel('Error Rate');
title('Symbol Error Rates');
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Code to generate a BER curve with different phase
noise degrees

% Generating a bit error rate curve requires multiple simulations.
% You can perform multiple simulations using the sim command

CodeRate = 2;
EbNoVec = [0:1:14];
EsNoVec = Ebl\JoVec + 10*log10(CodeRate);
PhNoiseVec = [0:0.4:2]; %PhNoiseVec = [0:9:45];
Phasel\JoiseVec = PhNoiseVec;
BERVec = zeros(length(EsNoVec),length(Phasel\JoiseVec));

% Set up model so it runs until maximum symbols is 1e6
% Also, remove Display block so model run more quickly.
% 10ad_system('DQPSKphasenoise');
% set_param(gcs/StopTime' /inf');
% set_param([gcs '/Error Rate Calculation'L'stop'/on');
% delete_line('DQPSKphasenoise'/Error Rate Calculation/1'/Display/1')
% delete_block(['DQPSKphasenoise' '/Display'])

% For each phasenoise level, run the model and save the error data.
for t = 1: length(PhaseNoiseVec),

Phasel\JoisedG = Phasel\JoiseVec(t);
disp(['Iteration #' num2str(t) 'of' num2str(length(Phasel\JoiseVec))]);

for n = l:length(Esl\JoVec),
EsNodB = EsNoVec(n);
disp(['Sub Iteration #' num2str(n) 'of' num2str(length(EsNoVec))]);
sim('DQPSKphasenoise');
BERVec(n,t) = BER_Data(l,l);

end
end

% Revert to original parameters in model.
% c1ose_system('DQPSKphasenoise',O); % Close without saving changes
% open_system('DQPSKphasenoise');

% Compute theoretical values.
IinEbNoVec = 10'/\(0.1. *EbNoVec);
temp == 0.25.*erfc((sqrt(linEbNoVec)).jsqrt(2));
ber = temp.*(2-temp);

% Plot actual and theoretical values on one graph.
figure;
semilogy(EbNoVec,BERVec(: ,1)/r-*',EbNoVec,BERVec(: ,2)/b
x',EbNoVec,BERVec(: ,3)/c-I\' ,EbNoVec,BERVec(: A )/k-+',EbNoVec,BERVec(: ,5)/g
o',Ebl\JoVec,ber, 'm-v');
legend('AWGN only'/5 Degrees'/l0 Degrees'/15 Degrees'/20 Degrees'/DQPSK
Theoretical at 0 degrees');
% legend('AWGN only'/9 Degrees'/18 Degrees'/27 Degrees'/36 Degrees'/45
Degrees' /Theoretical');
xlabel('Eb/No (dB)');
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ylabel('Bit Error Rate');
title('Symbol Error Rates for DQPSK at diffrent Phase Noise degrees');
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Code to generate a BER curve for Doppler shift

% Generating a bit error rate curve requires multiple simulations.
% You can perform multiple simulations using the sim command

% velocity of the mobile mjs
v = 2e3;

% carrier frequency and velocity of light
f = [le6];
c = 3e8;

% theta which angle the 'car' is making to the object
theta = [0:30:180];

CodeRate = 2;
Ebl\JoVec = [0:1:14];
EsNoVec = EbNoVec + 10*log10(CodeRate);
DopplerFreqHzVec = abs(((v*f)jc*cos(theta)));
BERVec = zeros(length(EsNoVec),length(DopplerFreqHzVec));

% Set up model so it runs until maximum symbols is 1e6
% Also, remove Display block so model run more quickly.
% load_system('DQPSKphasenoise');
% seCparam(gcs,'StopTime', 'inf');
% set_param([gcs 'jError Rate Calculation'],'stop','on');
% delete_line('DQPSKphasenoise','Error Rate Calculationj1','Displayj1')
% delete_block(['DQPSKphasenoise' 'jDisplay'])

% For each phasenoise level, run the model and save the error data.
for t = l:length(DopplerFreqHzVec),

DopplerFreqHz = DopplerFreqHzVec(t);
disp(['Iteration #' num2str(t) 'of' num2str(length(DopplerFreqHzVec))]);
for n = 1: length(EsNoVec),

EsNodB = EsNoVec(n);
disp(['Sub Iteration #' num2str(n) 'of' num2str(length(EsNoVec))]);
sim('DQPSKdopplershift') ;
BERVec(n,t) = BER_Data(l,l);

end
end

% Revert to original parameters in model.
% c1ose_system('DQPSKphasenoise',O); % Close without saving changes
% open_system (' DQPSKphasenoise');

% Plot actual values on one graph.
figure;
semilogy(EbNoVec,BERVec(: ,1) ,'r-*',EbNoVec,BERVec(: ,2),'b-
x' ,EbNoVec,BERVec(: ,3),'c-I\',EbNoVec,BERVec(: ,4) ,'k-+',EbNoVec,BERVec(: ,5),'g
0' ,EbNoVec,BERVec(: ,6),'m-v',EbNoVec,BERVec(: ,7),'g-v');
legend( [num2str(DopplerFreqHzVec( 1)) 'Hz'], [num2str(DopplerFreqHzVec(2))
'Hz'], [num2str(DopplerFreqHzVec(3)) 'Hz'], [num2str(DopplerFreq HzVec(4))

Thesis: X.A. Bibiana 60



61

'Hz'], [num2str(DopplerFreqHzVec(5)) 'Hz'], [num2str( DopplerFreqHzVec(6))
'Hz'],[num2str(DopplerFreqHzVec(7)) 'Hz']);
xlabel('EbjNo (dB)');
ylabel('Error Rate');
title('Symbol Error Rates for DQPSK');
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Appendix 0: OFDM module in Simulink
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Appendix E: WINIQSIM Model

The DQPSK system was modelled using WINIQSIM the system is showed in figure
19. Also a brief description of the model is provided. For the modulation of the I/Q
signal and demodulation of the signal the following instruments were used:

• AMIQ - I/Q modulation generator
• SMIQ06B - Signal generator in the range 300KHz - 6.4GHz
• FSIQ7 - Signal Analyzer in the range 20Hz - 7Ghz

'. ,.... _ ...__...~, :.,.. ';:j Block Diagram· Single Carrier ~'~,:~~:;;,: .. :::C'=:.=::C ._~_:: .

Pha=D iSlOllion

IF Generation

Off~ On

Add Signal

Off J.m On

CW Interferer

Olr '@ii On

Interferer

Smoothing

Olr ::liil On

IQ Impairments

Off~On

Power Rampin

Oly TI~ On

Quantization

OlfTJE! On

Amplifier Dis!.

01r?D On

Bandpass

01r7!i On

Receiver Filler

Olr:;:g On

Figure 39: DQPSK block diagram made in WINIQSIM

PRBS Data source

This data source can generate different pseudo-random binary sequences. PRBS 7,
PRBS 9, PRBS 11, PRBS 15, PRBS 16, PRBS 20, PRBS 21 and PRBS 23. The CCITI
V.52 or Rec. 0.151 standard defines the PRBS sources. A feedback shift register
generates the PRBS sequences. The number following PRBS indicates the length of
the generating shift register. For instance, a shift register with 16 memory cells is
required for generating a PRBS 16 sequence. The PRBS generators of WINIQSIM
produce binary pseudo-random bit sequences of different length and period, i.e.
sequences that have a maximum length. The feedback schemes for the individual
PRBS types are shown below. The initial status of the shift register used by
WINIQSIM is always 1 in register 0 and 0 in all other registers. The generator for
PRBS 9 with a feedback from registers 4 and 0 (output) is shown in the figure 20,
which we used during the measurement.
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Figure 40: Shift register for PRBS generation

The number of registers and the feedback determines the pseudo-random sequence
of a PRBS generator. Some PRBS generators are listed in table below:

Generator Type Sequence Length Feedback Taps at Inverted Output
in Bit Register No.

PRBS 7 127 1 0 No
PRBS 9 511 4 0 No

PRBS 11 2047 2, 0 No
PRBS 15 32767 1 0 Yes
PRBS 16 65535 5 3 2 0 No
PRBS 20 1048575 3, 0 No
PRBS 21 2097151 2 0 No
PRBS 23 8388607 5, 0 Yes

Table 4: Feedback points of PRBS generators

All PRBSs in Table 4 are designed to have maximum length; their lengths are given
by 2n-1.

For some PRBS generators, the CCITT V.52 standard prescribes an inversion of the
output bit stream. In WINIQSIM the output sequences of the generators listed in
Table 4 with the option Output sequence inverted: yes are inverted as prescribed by
the standard.

Phase Distortion

Phase Noise

1'"\ -- Jf- phase noise
1.-/ signal vector i

amplitude noise

Figure 41: Phase Noise

The signal is represented by a vector with a length proportional to the signal
amplitude rotating about the origin at the oscillator's frequency. At the tip of this
vector is a little, randomly directed vector which represents the oscillator's noise.
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Two orthogonal vectors, one pointing in the direction of the signal vector and one
pointing in the direction of the rotation may represent this noise vector. The
amplitude vector is the familiar amplitude noise and the other vector is the phase
noise vector. Obviously when the amplitude vector changes, the oscillator's overall
amplitude changes and when the phase noise vector changes, the oscillator's phase
changes3

.

The phase noise can be configured with parameters veo Noise, Reference Noise and
PLL Bandwidth.

veo Noise: The phase noise of the veo measured at an offset frequency of fSymbol/ 2
can be entered. It is assumed that the phase noise of the veo decreases by 20 dB
per decade of the frequency offset (6 dB per octave). The phase noise can be set in
the range -140 dB to -60 dB.

Ref. Noise: Here the reference frequency phase noise of the PLL can be entered. It is
assumed to be constant with the frequency. The parameter can be set between -140
dB and -60 dB.

PLL Bandwidth: The bandwidth of the PLL normalized to the baseband sampling rate
can be set. The bandwidth can be selected in the interval 0 to 0.25 fsample. When the
PLL bandwidth is set to 0, a free-running veo is simulated (no reference frequency).

Sideband

Discrete frequency sidebands are mostly due to hum or imperfect reference
frequency suppression.

The sidebands can be set by means of the frequency and level parameters.

Frequency: The frequency of the discrete sidebands normalized to the baseband
sampling rate can be entered in the range -0.35 fsample to +0.35 fsample.

Level: With this parameter the level of the spurious sidebands can be entered as a
function of the signal level. A value between -80 dB and -20 dB can be set.

Multipath

Electromagnetic radio waves are propagated in different directions. The waves can
be reflected, refracted or scattered. As a result they arrive at the receiver on
different paths and with different delays. In mobile radio communication this effect
depends on the nature of the terrain, i.e. in mountain areas more reflected waves
arrive at the receiver than in a flat area without buildings.

Up to six paths can be configured. Define Path: In this window a new path can be
configured for multipath propagation. Delay, Level and the start Phase can be
defined as path parameters.
In the Delay field the delay difference of the path is set normalized to the symbol
duration. A value between 0 and 32 Tsymbol can be set. Using the current symbol rate,

3 More Information in appendix B: veo Phase Noise
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the path delay is automatically converted to an absolute delay and displayed in
seconds at the right of the Delay field.

In the Level field, the signal level of the path can be set in the range -80 dB and 0
dB. In the Phase field, the phase shift of the path is set between -180° and 180°.

With the Add button the newly defined path is transferred to the Defined Paths table
where the paths are listed in the ascending order of their delay. When a path is
selected in the table by a mouse click, the path parameters are transferred to the
Define Path window where they can be edited. A path selected in the table with the
mouse can be cleared with the Delete button. Up to six paths can be defined.

Note: Path 1 is the time reference for the path delay. Its delay is always O. Path 1
must always be present and cannot be cleared.

Interferer

Noise

Et/No is classically defined as the ratio of Energy per Bit (Eb) to the Spectral Noise
Density (No).

The SIN ratio defined in terms of bit-energy-to-noise-energy ratio Et/No and receiver
bandwidth Brec is described by

S _ Eb 101 Brec---- og-=-=--
N No ~ymbw

Where fsymbOI is the symbol rate of the signal. From this equation it can be seen that
the SIN ratio of a receiver with a Nyquist bandwidth B = fsymbol equals the bit-energy
to-noise-energy ratio Et/No.
Et/No can be set in the range -3 dB to 80 dB. An Et/No ratio of -3 dB means that the
signal level is 3 dB below the noise level.

The given receiver bandwidth Brec is normalized to the symbol rate fSymbol. The ranges
0.5, 1, 2, 4, 8, 16 and Full can be selected. Full means, the receiver bandwidth is
set to half the baseband sampling rate fsample = fsymbol * oversampling.
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Tested setup

The modulation- and filter/window parameters are shown in the following figure
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Figure 42: Modulation parameters

The data source was set to PRBS 9, the sample rate and amount of samples where
automatically calculated by WINIQSIM.
Every new simulation the Noise parameter is changed. The aim was to see how much
noise could be added to the system before the eye pattern generates. Also a
simulation is done with multipath to see what its effect is on a signal. The bandwidth
was kept 0.5*fsymbof (symbol rate of the signal) at different Eb/No (-5, 10, 15, 30, and
a very large Eb/No) in dB.

For the simulation of the phase noise a constant PLL bandwidth of 0.25*fsmp
(sample rate) is used at different reference frequency phase noise (-60, -SO, -120,
and -130 dB).

The sidebands are simulated at 2 frequency's, -0.25- and 0.10*fsamp/e. In both
simulations the level of the spurious sidebands is kept constant (-20 dB).

For the simulation of multipath, 2 path were included. One direct path and one
reflected path. The different parameters used are given in Table 5.
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Delay difference of the Signal level of the path Phase shift of the path
path (Tsvm) (dB) (deQrees)

I

5 0 0
5 0 -180
5 -60 0
5 -60 -180 =j10 0 0
10 0 -180
10 -60 0

C 10 -60 -180

Table 5: Multipath parameters
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DQPSK simulated results using WINIQSIM

Simulation results of BER against EbjNo

For the first simulations the DQPSK signal was tested at a strong signal (no Et/No).

Figure 44 shows the eye pattern, and Figure 45 shows the vector diagram.

It can be seen from both figures that the eye and vector diagrams are perfect.
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Figure 43: Eye Pattern (No Noise) Figure 44: Vector Diagram (No Noise)

The results of the different simulations shows that the eye pattern and the vector
diagram are getting critical between 10 dB and 13 dB. The figures below show that.
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Figure 45: Eye Pattern (Eb/No =10dB) Figure 46: Eye Pattern (Eb/No =15dB)

At a rate less than 10 dB the eye pattern starts to generate real fast. The pattern at
that point has so much noise it isn't even possible to distinguish a real eye pattern.
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A disadvantage is that this system can't perform a BER calculation. With the
estimated BER value an exact conclusion can be made (which point the pattern gets
worse). As it's done right know it's more a guesswork, because with the naked eye it
isn't possible to see accurately when the transition is made from a good pattern to a
bad pattern.

As can be seen 15 dB eye pattern isn't the best but also not the worse one. The
question we asked our self is: "At what point this eye pattern is satisfactory and
when not". That is why judgment made by eye observing isn't reliable.

Reference noise simulation
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Figure 47: Eye Pattern and Spectrum (Reference Noise = -60dB)
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Figure 48: Eye Pattern and Spectrum (Reference Noise = -80dB)

Between -90 and -100 dB, the eye pattern changes from a good pattern to a worse
one. The simulation shows that above -100 dB a nearly perfect eye is created.
Compare Figure 44 and 45 with Figure 50.
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Figure 49: Eye Pattern and Vector diagram (Reference Noise = -120dB)

Sideband simulation results
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Figure 50: constellation- and vector diagram (Frequency = -0.25*fsmp)
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Multipath simulation results
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Figure 51: Spectrum and constellation diagram 2-way (level =OdB phase =-180°)
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Figure 52: Eye diagram 2-way (level = -60dB phase = 0 0
)

The constellation diagram in Figure 52 shows clearly phase distortion and some noise
this is due to multipath. The level is dominant in this simulation, as the level gets
more negative the better the constellation diagram gets (Figure 53 shows this).
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OFDM simulation results

For the simulation an OFDM with 64 carriers is chosen, this to avoid frequency
selective fading. Frequency selective fading can happen in cases where there are not
enough carriers for the error correction. For the simulations the signal parameters
where obtained from the IEEE 802.11a standard.

J.OCT.2002 12:5'0:05

a) No Noise

Figure 53: Spectrum analyze of OFDM using DQPSK
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c) Phase Noise (Reference Noise = -60dB)

Figure 54: Spectrum of OFDM using DQPSK
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