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E.H. Stiphout

Characteristics of the 2.5 GHz in-house radio
channel and the measured performance of a Decision Feedback

Equalizer on this channel.

ABSTRACT

In the last few years there has been an increasing interest in in-house communication.
When developing a digital in-house communication system, channel characteristics have
to be known in order to ensure reliable transmission of digital audio signals. For cordless
consumer electronics (e.g. cordless speaker sets and cordless headphones) the frequency
band from 2.47 to 2.5 GHz has been suggested. In this report a characterization is
given for the 2.5 GHz in-house radio channel. Lossfactor (power decay exponent) and
power delay spread measurements have been performed. This resulted for singleroom,
transmitter and receiver in the same room so line of sight, in a lossfactor of 2 (free space)
and multiroom in a lossfactor of 4. Singleroom power delay spread measurements
indicated the rms delay spread to be approximately 30 ns and the maximal arrival
time delay of received power was 100 ns. The power delay spread measurements have
been related to symbol response measurements of the channel. The symbol response
measurements showed that the channel is time invariant within one symbol time, 1.4
f.Ls since the symbol rate on the channel is 700 kbd, but over several symbol times the
channel is indeed time variant. This results in a time variant arrival time for the symbol
responses and in very little intersymbol interference introduced by the channel.
For simple production of the consumer equipment, no manual adjustment of the filters,
and to delete the channel introduced intersymbol interference the use of a decision
feedback equalizer (DFE) has been suggested. In the first prototype of the in-house
communication system a data receiver using DFE with four feedback taps is used. The
DFE uses the least mean square algorithm to adaptively adjust it's feedback taps.
Measurements to determine the performance of the DFE on the in-house radio channel
showed that in the, relative time invariant, singleroom situation adaptively updating
the feedback taps decreased the system performance. This due to the introduction
of control noise. Other update parameters could perform better on this channel. In
the multiroom situation however, no line of sight is present, adaptively updating the
feedback taps is increasing the system performance by 3 to 4 dB. This is thought to be
the result of channel introduced intersymbol interference, occurring in the multi room
situation, that can effectively be compensated for by the decision feedback equalizer.
Keywords:
Telecommunication, Propagation, In-house radio channel, Adaptive systems, Decision
feedback equalization.
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1 List of symbols and abbreviations

ADC
AGC
AM
BER
bd
ISDN
B - ISDN
bk

hk

BPF
C

Ck

CW
CD
d

dk

dB
dBi
DCC
DCc
DET
DFE
EBU
EIRP
ek

EM
EMC

I
Ie
Ids
IT
Fatt

F
FBF
FM

Analog-to-digital converter
Adaptive gain control
Amplitude modulation
Bit error rate
Baud (symbolsjs)
Integrated services digital network
Broadband integrated services digital network
Transmitted symbol
Received symbol
Band pass filter
Speed of light, 3.0 .108 (mjs)
Amount of "lSI" due to timing error
Carrier wave
Compact disc
Distance between transmit and receive antenna (m)
Estimate for time variant DC shift
Decibel
Decibel isotropic
Digital compact cassette
Adaptive DC compensation
Detector
Decision feedback equalization
European broadcasting union
Effective isotropic radiated power (dBW)
Error signal used for adaptivity
Electro magnetic
Electromagnetic compatibility
Frequency (Hz)
Carrier frequency (Hz)
Doppler shift (Hz)
Received frequency (Hz)
Attenuation of a floor (dB)
Noise figure (dB)
Feedback filter
Frequency modulation
Receive antenna gain
Receive antenna gain (dB)
Transmit antenna gain
Transmit antenna gain (dB)
The number of floors accumulated on a propagation path
Hewlett packard
Intermediate frequency
Estimate for post-cursive lSI from the feedback filter
Intersymbol interference

5



ISM
k
l
LMS
Lo
LOS
LPF
Lpathloss
MSE
Pe

PAM_
pi k

PRBS
EPLD
pre

Pre

ptr

P tr

pdf
PLL
qk

rs

RF
rms

rt
s
SNR
SNRbd
SNRbe
tk
T

n
TIM
Ts

u(t)
v
v(t)
vee
veo
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Industrial, science and medical
Discrete time index, one unit corresponds to Ts seconds
Discrete time step, one unit corresponds to Ts seconds
Least mean square
Local oscillator
Line of sight
Low pass filter
Pathloss (dB)
Mean square error
Chance of a bit error occurring
Pulse amplitude modulation
Tap gain factor of the ith tap as a function of k
Pseudo random bit sequence
Erasable programmable logic device
Received signal power
Received signal power (dBW)
Transmitted signal power
Transmitted signal power (dBW)
Probability density function
Phase locked loop
Reference level for a '+ l' symbol
Normalized real part of antenna impedance
Real part of antenna impedance (f!)
Bitrate (bitsjs)
Symbolrate (symbolsjs)
Radio frequency
Root mean square
Demodulated or baseband signal
Number of samples taken in by the logic analyzer (s = 1000)
Signal to noise ratio (dB)
Signal to noise ratio before detection (dB)
Signal to noise ratio before equalization (dB)
Sample clock
Transmission loss (dB)
Bit time (s)
Timing recovery
Symbol time (s)
Phase detector output signal, analog version of Pk
Speed of moving objects in the channel (mjs)
Filtered version of u( t)
Voltage controlled clock
Voltage controlled oscillator
Normalized imaginary part of antenna impedance
Imaginary part of antenna impedance (f!)
Filtered baseband signal
Sampled version of Xt

Quantized version of Xk



Zo

f3
E

TJ
A
Pk
a

at
T

Characteristic impedance, Zo = 50n
Normalized antenna impedance (n)
Antenna impedance (n)
Equalized baseband signal
Lossfactor
Multipath gain
Error used for the calculation of the MSE
Reference plane in antenna geometry
Wavelength (m)
Phase detector output
Standard deviation
Rms power delay spread (s)
Multipath delay (s)
Reference plane in antenna geometry
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2 Introduction

In the last decade there has been an increase in in-house communication. Examples
are e.g. pagers and cordless telephones. The increased use of computers in the working
environment has resulted in a demand for wireless in-house data transmission. For large
scale manufactured consumer applications wireless transport of audio has become an
issue. It would free the users from the cords tying them to particular locations within
the building. This mobility would be convenient and sometimes necessary. However
to maintain Compact disc (CD) or Digital compact cassette (DCC) quality digital
communication is the only answer.
AlthO"ligh data rates of 1.4 Mb Is, necessary for the transport of digital audio, are
low compared to the broadband integrated services digital network (B-ISDN), data
rates are projected to be several hundreds of megabits per second, a study has to be
undertaken to determine the most important parameters of the in-house radio channel.
There are some in-house channel characteristics known [1], [2]' [3], [4], [5] with carrier
frequencies of respectively 800-900 MHz, 1.5 GHz and 60 GHz. They have however all
been undertaken in laboratory or office environments [11]. In our case the frequency at
which the digital in-house radio link has to operate is 2.5 GHz. Consumer electronics
are almost exclusively used in normal houses, so channel characteristics had to be
determined there.
A factor that complicates the use of the 2.5 GHz carrier frequency is the fact that
the microwave oven uses electromagnetic energy with frequencies in the 2.5 GHz band
to heat food. So when using the 2.5 GHz carrier frequency for information transport
interference from the microwave oven is to be expected.
Because of the need for spectral efficiency, this in order to operate as many channels
as possible in the assigned frequency band, and to suppress the time varying character
of the in-house radio channel the use of decision feedback equalization (DFE) has been
suggested. This type of equalization makes use of a feedback filter. By feeding decisions
into this filter an estimate is formed of trailing intersymbol interference (lSI), which is
then subtracted from the incoming signal. Measured performance results of one kind
of decision feedback equalizer implementation on the above mentioned in-house radio
channel are presented and discussed.
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3 Characterization of the 2.5 GHz in-house radio chan
nel

3.1 Introduction

To characterize a radio channel one normally looks at the medium the radio waves prop
agate through. Within a house this medium generally consists of air and the structure
of the house made of concrete, bricks, wood and iron.
These materials all have reflection and absorption factors unequal to zero. This results
in refl~cted rays, transmitted at one time, that arrive at the receive antenna with differ
ent delays. This effect is called multipath. Constructive or destructive interference can
occur with the latter causing a complete disappearance of the received signal. When
the signal is to be received in the entire building one has to account for additional
attenuation caused by the building structure.
When we want to transport information over the channel, multipath can cause smearing
or overlap of subsequent symbols. This effect can mutilate the transmitted information.
For digital transmission this is referred to as intersymbol interference (lSI).
So far everything has been time invariant, but within a building there are time variant
factors as well. For instance people walking around and desks and cabinets that are
being moved. In our particular case a cordless headphone is of course always non sta
tionary when positioned on someones head. For the above mentioned reasons there will
be a time variant character of pathloss, multipath effects and received carrier frequency.
The change in received carrier frequency is caused by the movement of people in the
channel or by the movement of the receive antenna. This phenomenon is better known
as the doppler effect.
When using wide band transmission flat fading can be too great a simplification. Se
lective fading can occur. Selective fading occurs when single frequency components in
the transmitted spectrum are attenuated more than others, causing mutilation of the
spectrum. Selective fading is a result of multipath propagation.
Although not a characteristic of the channel, interference sources can cause severe
degradation of the system performance. In our case the microwave oven, that operates
at frequencies just below 2.5 GHz, has large power leakage. So steps have to be under
taken to decrease or, ideally remove this interference.

All the above described effects will be discussed in the next sections of this chap
ter.

3.2 Loss factor measurements

Equation 1, best known as the radio equation, generally is used to calculate the signal
power at the receive antenna.

Pre = Ptr . gt . gr . {4~d} a (W). (1)
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For free space a (power decay exponent or loss factor 1 ) is 2. In a building however
due to multipath and structure attenuation this exponent can range from 1 to 6. If
a building is constructed out of metal walls there can occur a waveguide effect that
results in a being smaller than 2. Equation 2 shows equation 1 with power in dBW
and losses in dB, assuming that in the first meter the wave propagates is free space [4J.

Pre = Ptr + Gt + Gr + 20 . log { 4~ } + 10 . a . log {~} (dB). (2)

This results in a pathloss of:

Lpathloss = 20 . log { ~} + 10 . a . log d (dB). (3)

The relation between the wavelength and the carrier frequency is:

(4)

With equation 4, f = 2..5.109 Hz and c = 3.0.108 m/s we can calculate the pathloss:

Lpathloss ~ 40 + 10 . a . log d (dB). (.5)

From equation .5 it is seen that it is very important to get a good feel for the value of a
inside a building to be able to properly design an in-house telecommunication link. To
determine a several measurements have been performed. Measurements where done in
the laboratory environment as well as in 4 houses of different construction styles.

3.2.1 Measurement setup

In order to determine the loss factor the following measurement setup was used. A

Amp. Spectrum
~

I 20 dB Analyzer
Transm.

CWo 2.5 GH
Ptr= 10 mW

Figure 1: Measurement setup for loss factor measurements.

HP 8673E synthesized signal generator is used to generate a 2..5 GHz carrier wave.
This wave is fed through a coax cable to a quarter wave dipole antenna with ground
plane. The geometry together with the measurement results of impedance Smithchart
and antenna gain pattern are presented in appendix 6.1. The output power of the

lThe house is represented as an equivalent media with a lossfaetor IT.
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generator is adjusted in such a way that the loss of the coax cable and the antenna
mismatch loss are compensated for. Antenna mismatch loss is calculated in appendix
6.l.
The by the antenna radiated power was set to 10 mW, which is equal to 10 dBm. At
the receiver the same quarter wave dipole antenna with ground plane is used. Next the
received signal is amplified with a 20 dB low noise amplifier. During the measurements
both the antennas where kept horizontal at all times, this to decrease polarization
mismatch. It was found however, during measurements, that rotating one or both the
antennas had no effect on the received signal power. To display the received signal and
to measure the received power a spectrum analyzer, HP 8561A, is used.

3.2.2 Measurement locations

All measurements where done in 2 different environments. First the house environment
and secondly the laboratory environment. The following sections give an indication
of type of houses and laboratory that where measured. Discussed are the size of the
building structures and an evaluation is made off the type of materials used in these
environments. The measurements in the houses have been done with the transmit
antenna located near the already present audio installation, the transmit antenna height
being 1 meter. The receiver was stationed on a little cart with the receive antenna height
also being 1 meter.
In the laboratory environment the same setup was used, with the transmit antenna
located in the center of the laboratory.

House 1 House 1 is a stand alone large bungalow, volume approximately 700 m 3
,

made of partly clay, and chalk bricks. The ground floor includes the livingroom, hall,
kitchen and garage. The first floor is made of steel reinforced concrete and here are 5
bedrooms and a bathroom located. The ceilings on the first floor are made of plaster
board.

House 2 House 2 is a stand alone large semi-bungalow, volume approximately 800
m 3 , made of clay bricks, with a large ground surface. The ground floor includes the
hall, livingroom, kitchen, 1 bedroom, a bathroom and 2 garages. The first floor is made
of wood. On the first floor 4 bedrooms are located and the first floor ceilings are all
made of wood.

House 3 House 3 is the middle house of a long line of houses. It's volume is ap
proximately 250 m 3

. The outside walls are made of concrete reinforced with steel, the
walls within the house are made of gypsum. The ground floor consists of a hallway,
livingroom, kitchen and a little garage. The first floor is made of concrete and on the
first floor there are 3 bedrooms and a bathroom located. The second floor is also made
of concrete and there is some space for storage. First and second floor ceilings are made

13



of concrete, the third floor ceiling is also made of concrete. Measurements have been
performed here because this space is sometimes used as an extra bedroom.

House 4 House 4 is a corner house of a block of houses, volume approximately 250
m 3 , and it has roughly the same structure and floor plan as house 3. House 3 and house
4 are representative for the type of building were the majority of the dutch people live
lll.

Laboratory The laboratory is made out of a large concrete structure. Measurements
were done on the 4th and the 5th floor. These floors are separated by a 35 cm thick
steel reinforced concrete floor. Both floors have identical floor plans. Furthermore the
space is filled with offices about 5 by 3 meters big. These offices are made of iron
constructions filled with plasterboard. Both the floors and ceilings are coated with a
metalized film.

14



3.2.3 Single-room

In most applications the user of the mobile link will stay in the same room as the trans
mitter. For these situations a loss factor of 2, free space, is expected. However when
the room is made of metal or large metal objects, like e.g. steel cabinets, are present in
the room, multipath fading can cause an additional attenuation of the received signal.
In this case the overall signal levels can be higher as well, resulting in a loss factor of
less than 2, due to a waveguide effect.

Singleroom measurements have been performed in the 4 different houses, their livin-

-5.0 r ..~u....'y • 2.5 Qt..
H 1

-7.5
Si.ngL___....._'--

H 2
H J

-10.0 H 1

~
Lob I

-12.5 Lob 2

-5 -15.0

~ -17.5•
~e -20.0...JI

eo -22.5
Lo8a roc\.or' Li.vi.ng .._ hou_ 3 - 1.5....

on Lo8a roc\.or' Li.vi.ng .-- hou_ 4 - 1.9
-25.0

Lo8a roc\.or' Lab. .-- I • 1.2

-27.5 Lo8a raa\.or' Lab• .-- 2 - 2.0

-31.0
..t· Id' 10'

Di.eLance 1.1

Figure 2: Singleroom measurements in 4 houses (H) and 2 Laboratory rooms (Lab).

grooms, and in 2 laboratory rooms, one small experiment room (room 1) and a large
conference room (room 2). Measurements where done in a grid of 1 by 1 meter for the
houses and 0,6 by 0,6 meter for the laboratory rooms, resulting in 30 to 60 measure
ments per room. The measurement setup presented in figure 1 was used.
The measurement results are presented in Appendix 6.2 figures 36 to 41. The mea
sured points are plotted in a signal strength versus distance graph showing a decrease
in received signal power with increasing distance. The line plotted in each graph is a
line fitted through the datapoints using the method of least mean squares. This gives
an indication for the lossfactor being the decay factor of the line. The spread around
the lines is caused by multipath. Line of sight (LOS) was insured during all singleroom
measurements except in house 1 and house 2. In house 1 there was a chimney located
in the center of the livingroom. This explains the somewhat higher lossfactor encoun
tered there. The three measurements performed in house 2 resulting in the lower than
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average received signal strengths are non LOS measurements due to the L-shape of the
livingroom. In all cases the above mentioned spread is less than plus or minus 10 dB.
This spread of ±10 dB on the measurements can be deleted when using a sophisticated
antenna diversity system. The ±10 dB spread indicates that there was never a com
plete "fade" found, resulting in a received signal level of -00 dBm, caused by destructive
interference. In appendix 6.4, figure 48 a three dimensional plot is shown presenting
the power distribution in laboratory room 2. Figure 2 presents all the fitted lines of
the 6 rooms in one picture. All lines are according expectation, all with lossfactor of
around 2 but one, this is laboratory room 1. This room is completely constructed out
of metal resulting in a faraday cage. No power is absorbed but all power is reflected.
This re~mlts in the high power levels being present and a low lossfactor, 0: = 1.2. The
room is a waveguide [4J.

3.2.4 Multi-room

One of the features of a radio system is that it is capable of carrying information
through walls. This is for instance not the case with an infrared communication system.
In our case the communication system has to be multiroom, this means that reliable
communication has to be possible between more than one room. This makes it necessary

10.0 rrequencl • 2.5 GHa

"uL~~rooa -.ae~~.

0.0

ii -10.0
, ,

!8 , , , ,
~ -m.o...
~e -:11I.0L...•,j Dv-LL La•• rem...... hou•• \ - 2.8
~

-40.0

.~
Dv-LL La•• roc...... hou•• 2 - J.9

en
-sJ.0 Dv-LL La•• roc...... hou•• J - 2.2

Dv-LL La.. rem...... hou.. 4 - 2.9
-tIII.O Dv-LL La•• roc...... Lab. - 4.2

H 1
H 2
H :3
H 1
lob

-70.010'-:::~:---"""'-"""""""""""""""""""""lff':""""----"-"""'---""""''''''''''''''''''''I''":rf:---''''''''-''''''''''''''''''''

Di-aLonce 11Il\

Figure 3: Multiroom measurements in 4 houses (H) and Laboratory (Lab).

that measurements have to be done to answer the following questian. What is the
signal attenuation at 2.5 GHz of walls and floors? It is possible to measure these
properties separately and then account for the number of walls present in the house.
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It is much more practical however to measure, using the same measurement setup as
in the singleroom measurements, see figure 1, the received signal strength on various
locations in the house and laboratory. The next step is then to calculate a ground
and first floor lossfactor. Ground floor lossfactor is the lossfactor calculated over all
the datapoints measured at the ground floor. The vertical distance, near the transmit
antenna, between the ground and first floor lines then immediately gives the first floor
attenuation. In appendix 6.3 figure 42 to 47 the multiroom measurements results are
presented. In figure 42 the maximum and minimum signal strength at various locations
in the laboratory are shown. Purpose of this measurement was to try to find the greatest
signal strength difference in 0.04 m 2 , so measurements where not performed in a grid
but ra,ndom spread around the laboratory. The result again proves that it is very
difficult to find a complete "fade". It is seen that there is an average difference in
maximum and minimum signal strength of about 20 dB. This is the same ±10 dB
that we already found in the spread of the singleroom measurements. Signal strength
maxima have the same lossfactor as the signal strength minima, and this is what we
expect since the channel is linear.
Figure 43 shows the multi room measurements performed in house 1. The top line
presents the ground floor lossfactor, the bottom line presents the first floor lossfactor
and the middle line is the overall lossfactor where all the datapoints are used for the
calculation. The vertical difference between ground floor and the first floor is about 15
dB. The measured values for the different concrete and one wooden floor are presented
in table 1. In figure 45 the triangles represent the measurements done on the second

Location Material Thickness (cm) Attenuation (dB)
House 1 concrete 15 15
House 2 wood 25 8
House 3 ( 1st floor ) concrete 15 15
House 3 ( 2nd floor) concrete 15 20
House 4 concrete 15 16
Laboratory concrete 35 25

Table 1: Attenuation of the measured floor types.

floor in house 3. The results shows what we expect, wood having smaller attenuation
than concrete, with an increase in attenuation for concrete as it's thickness increases.
Figure 3 shows that house 1,3,4 generally have the same lossfactor, a ~ 2.6. House 2
and the laboratory have a somewhat different character. House 2 shows a lossfactor of
3.9 which can be explained as follows. House 2 has a large ground surface with a lot
of different, relative, small rooms on the ground floor. With increasing distance the
accumulation of the number of brick walls is larger as for a "normal" house. It is seen
that the power is absorbed in the walls, as it is not the case for the laboratory having
a lossfactor of 4.2, but with relatively high power levels. This is a result of the large
amount of metal present. The power is not absorbed but reflected.
Not using the overall lossfactor, but the lossfactor present on a single floor and the
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attenuation of a floor, equation 6 can be used to calculate the pathloss.

Lpathloss ~ 40 + 10 . a . (log d) + h . Fatt (dB). (6)

With h being the number of floors accumulated and Fatt being the attenuation of a
floor as presented in table 1. When looking closely to figure 3, the model from equation
6, for the multiroom situation, might be improved when defining the constant 40 dB
(loss on the first meter free space propagation) to a distance of about 10 meters. This
constant then of course would increase.
These kind of lossfactor measurements, sometimes called the large scale attenuation
model, have been found to describe the channel inside and around houses and office
buildings [1], [4], [6] and [7]. The results of the lossfactor measurements presented
above are in accordance with the measurements done in [4] for 1.8 GHz which in fact
comes closest to the 2.5 GHz to be used for in-house audio communication.
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3.2.5 Link budget

The measurement results of the previously presented paragraphs indicate 0:, the power
decay exponent to be 4. This result will enable us to, given the appropriate parameters,
calculate a link-budget for an in-house multiroom radio link. Assuming a effective noise

***********************************************************************

Link budget created by LISA:

*****.*****************************************************************

Transmitted power (mW) 10
Transmitted power (dBW) -20

Transmit antenna gain (dBi) 0

EIRP (dBW) -20

Carrier frequency (MHz) 2500
Distance (meter) 15

Loss factor (-) 4
Path loss (dB) 87.44

Additional fading (dB) 0
Atmospheric loss (dB) 0
Receive filter loss (dB) 0
Receive antenna gain (dBi) 0

Received power (dBW) -107.44

Environment temperature (K) 298
Noise Bandwidth (MHz) 2
Noise figure receive amplifier (dB) 10

Noise power (dBW) -130.84

**********************************************************************

Signal/Noise ratio received signal (dB) : 23.40

**********************************************************************

Figure 4: Link-budget for the 2.5 GHz in-house radio link.

bandwidth of 2 MHz, a receiver noise figure of 10 dB and a distance of 15 meter between
the transmitter and the receiver the link-budget is presented in figure 4. The link
budget is created by the program LISA, LInk Simulation and Analysis. The program
is written to calculate link-budgets and received power versus distance graphs. In
figure 5 a graph is shown of the signal to noise ratio as function of the distance for
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the same configuration as presented in figure 4. If we take 20 dB to be the threshold,
figure 5 shows that the signal to noise ratio drops below this value beyond 18 meter
transmitter receiver separation. Figure 6 shows the same system but now used in free

Signal to noise ,alto venus dist~ for Ihe m--ha.uer.wo l)"SfaD
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Figure 5: SNR versus distance for the in-house radio system a = 4.

space. Reception of the audio signal, with the same threshold of 20 dB SNR, still

SignaJlonoise IlIl:townus dist~forthe[adio system in free space
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Figure 6: SNR versus distance for the radio system in free-space a = 2.

will be possible at 340 meter transmitter receiver separation. This shows that channel
allocation and assignment becomes an important issue in order to decrease the chance
of users interfering each other.
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3.3 Power delay spread measurements

As mentioned before the in-house radio channel is a multipath channel. Figure 7 can
be used to graphically describe the channel. In this figure x( t) is the transmitted signal

x(t)

~ T
1
(t) X

~.(t)

~(t) X

• ~• •
• •
• •
• •
• •
•

~.(t)

~ 'r.,(t) X

Figure 7: Multipath channel model.

y(t)

and y( t) is the received signal. Equation 7 then describes the model mathematically.

n

y(t) = l:,8n(t) . x(t - Tn(t)).
i=l

(7)

The value Tn(t), represents the delay accumulated because of a longer propagated path,
and ,8n(t), represents the channel attenuation due to a longer propagated path and the
attenuation acquired from reflection and absorption. Both Tn(t) and ,8n(t) are time
variant and thus describe the time variant behaviour of the channel. When designing a
digital communication system it is necessary to know the maximum value of Tn(t) and
,8n(t). If for instance the system has to operate at bit rates, having bit times that are
comparable with the maximum of Tn(t) (power delay spread) one has to expect symbol
overlap causing intersymbol interference.
Equation 8 is generally used as a rule of thumb to determine the maximum allowable
symbol rate T s on a multipath channel, resulting in acceptable error performance, such
that no channel equalization is necessary [8J.

0.2
Ts <-.

aT
(8)

In equation 8, aT the rms delay spread is a measure of the temporal extent of the mul
tipath delay profile, which relates to performance degradation caused by intersymbol
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interference. In the following section a measurement setup to determine the maximum
power delay spread and measurement results are presented. Furthermore an estimation
is made of the rms delay spread aT encountered in the 2.5 GHz in-house radio channel.

3.3.1 Measurement setup

Figure 8 presents the measurement setup to determine power delay spread. The HP
8673E synthesized signal generator is used in the pulse modulation mode. The pulse
generator is triggered with a 35 ns pulse generator to produce "radarlike" pulses of 35
ns (35 ~s was a lower limit for the HP 8673E) with a repetition rate of 600 ns. 600 ns
was assumed to be larger then the largest value of the power delay spread encountered,
so no pulse overlap was expected.
The two previously discussed quarter wave dipoles with ground plane have been used

Transmitter Amp. >e--- Scope
40 dB

1"\

Square law detector Trigger

Figure 8: Measurement setup to determine power delay spread.

as transmit and receive antenna. The received signal was amplified with a 40 dB low
noise amplifier and was then detected with a sensitive square law envelope detector
whose output was displayed on a digital storage oscilloscope. The dynamic range of
the setup was estimated to be approximately 30 dB. During measurements the channel
was "frozen", so there where ao moving people in the vicinity, of both the antennas.
During the measurement it was seen that the received signal varied substantially with
people moving, the latest ray arrival time however was only seldom affected. To guar
antee a stable timing reference a coaxial cable was used to trigger the oscilloscope from
the transmitter pulse generator.

3.3.2 Measurement results

Measurements were done in both the laboratory rooms with a distance of about 4
meters between the transmit and receiving antenna in room 1 and a distance of 8
meters in room 2. Figure 9 and the figures 49 to 51 present some plots of power delay
spread profiles. During the measurements the frequency was swept over a band of 30
MHz while at the same time the digital storage oscilloscope was averaging in the time
domain.
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Pulse broadening is observed and some pulses arrive at the receiver at a later time than
the direct pulse. Due to the relative low time resolution in the measurement it was
impossible to determine the different ray arrival times Tn and multipath gains f3n. To
compute (1T it is necessary to know these values. It is however possible to estimate (1T

from the power delay spread profiles. Looking at the measurements results 30 ns seems
to be a good estimate for (1T with a maximum power delay spread of 100 ns after the
complete pulse is transmitted. These values apply for both the measured laboratory
rooms. This value for (1T is also found for 1.5 GHz in [4J, [15J for 1.3 and 4.0 GHz and
in [9J for both 1.8 and 2.5 GHz, and is expected to be less or the same in the house
environment. This because in the house environment there are less reflective surfaces
present then there are in the laboratory environment, resulting in a lower (1T'

An rros power delay spread of 30 ns results, using equation 8, in an unequalized symbol

1st· ~23 5 mV 1/+ i l6ns 2nd +5.E 7mV /+ )44n5

f\J,

~
\ .-.....

~ I

Figure 9: Power delay spread in laboratory room 1 (Time/div = 50 ns).

or bit rate of 6 Mb/s being possible on this in-house radio channel. This is more than
sufficient for our purposes since the bit rate necessary for transmission of digital audio
is 1.4 Mb/s, or 2.0 Mb/s when error correction is used. In our specific case 4 level pulse
amplitude modulation (PAM) is used. This results in a symbol rate of 700 kbd, and
increases the symbol time by a factor of two, thus being less vulnerable for power delay
spread. So when looking at the time variance of the channel in terms of power delay
spread no (adaptive) equalization seems to be necessary to fight channel variation.

3.4 Symbol response measurements

The above presented power delay spread measurements have resulted in a rms delay
spread, (1T of 30 ns. It is however more practical to look at symbol responses of the
channel, since these symbol responses contain the actual transmitted information from
of which the audio signal and timing information have to be recovered. In the next
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section a measurement setup is presented with which the effect of the time variant
power delay spread profile on the symbol response of the channel can be measured.

3.4.1 Measurement setup

Figure 10 shows the measurement setup used to determine the symbol response of the
channel. The programmable logic device (PLD) used to code the CD-data to 4-level
PAM and to scramble the data (symbolrate = 700 kbd), was also programmed with
an option to generate one symbol every 16 symbol times. This generated symbol is
filtered.with a fourth order Butterworth low pass filter, -3 dB at the Nyquist frequency
being 350 kHz. Next the HP 8673E synthesized signal generator is used to frequency
modulate the baseband signal on a carrier frequency of 2.5 GHz with a deviation such
that the radio spectrum is 50 dB down at a bandwidth of 5 MHz, see Appendix 6.6,
figure 52. Quarter wave dipoles with ground plane, see Appendix 6.1 are used as anten-

Transmitter

Symbol
generator

LPF rr
350 kill

N MalU.lar
UP.U
liIr. 25 GIll

Antennu: Quartenrave dipolell with grouDdplane
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40 dB Demodulator lItorase

BPF 15 GBs or 302Q 350 kill oecilloecope
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Figure 10: Measurement setup to determine the symbol response of the channel.

nas. A microstrip bandpass filter, the filter and it's frequency response are presented in
Appendix 6.7, is used to attenuate out-of-band noise and to decrease interference. The
received signal is then amplified by a 40 dB low noise amplifier with a noise figure 2,

F ~ 8 dB. The amplified signal is mixed down to an intermediate frequency of 7 MHz
were it is demodulated with a experimental wide band phase locked loop (PLL) FM
demod ulator. Before showing the signal on a digital storage oscilloscope the signal is
filtered with a second fourth-order Butterworth low pass filter, -3 dB at 350 kHz. To
guarantee a stable timing reference a coaxial cable is again used to trigger the oscillo-

2The noise figure represents the extra noise injected by the amplification.
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scope from the symbol generator.
A HP 54120B digital storage oscilloscope is used to display and process the received
symbol responses. This oscilloscope has the possibility to perform statistical calcula
tions on the received symbol responses. All measurements presented in the next section
are performed in laboratory room 1.
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3.4.2 Measurement results

To get a reference for later comparison with the time variant channel, symbol responses
are measured with a coax cable, having 50 dB attenuation. The coax cable carries the
signal from transmitter to the receiver avoiding any time variance. A plot of the result
is presented in figure 11. For the channel measurements, the digital storage oscilloscope
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Figure 11: Symbol response measured with a cable between transmitter and receiver
to delete channel variance.

accumulated symbol responses over periods longer then 10 minutes resulting in pictures
like the one presented in figure 12. The received signal is seen to have a time variant

3.BOBOO ue 10.8080 ue 17.80BO UB

r.Il. t - 15.00 'lI',nll;s/dlv
11.abae. • 1.40 U./dlv
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Figure 12: Symbol response measured in the channel (Measurement time ~ 10 minutes ).

DC-shift, due to the doppler effect which will be discussed in chapter 3.5. Furthermore
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symbols have different arrival times, a result of multipath. We also see that there are
some completely mutilated symbol responses caused by selective fading. To see if it is
possible to trace the different arrival times of the symbol responses back to the power
delay spread profile it is necessary to take a closer look at the response. First a blow
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Figure 13: Rising slope measured via a coax cable (Measurement time:::::: 10 minutes).

up is made of the rising slope with the oscilloscope triggered from the transmitter. At
the same time statistical processing is done on the received data. To get an indication
of the received signal without channel variation a rising slope measurement is also done
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Figure 14: Rising slope measured via the radio channel (Measurement time:::::: 10 min
utes ).

with a coax cable between the transmitter and the receiver, see figure 13. When we
perform the same measurement through the radio channel we see a picture as presented
in figure 14. A window is put over the received signal in order to perform statistical
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processing. The digital storage oscilloscope calculates from the "hits" in this window
the probability density function (pdf) of the "hits". From this pdf the mean arrival
time, changes with the time delay set on the oscilloscope, and the standard deviation a
of these arrival times are calculated. The repeated calculation of a on 30 measurements
resulted in a value between 25 and 32 ns. This value, average about 28 ns, is comparable
with the value found for the rms delay spread, aT ~ 30 ns. The change in arrival times
has to be adaptively followed by the timing recovery system, while the time variant
DC-shift has to be compensated for by an adaptive DC-compensation system. If there
is symbol response broadening adaptive equalization can be necessary to delete the
channel introduced lSI. The power delay spread measurement already indicated that
adaptive equalization wasn't a necessity. To get an indication whether or not symbol
response broadening was introduced by the channel, the oscilloscope was triggered
on the received symbol response (rising slope). Next the falling slope of the symbol
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Figure 15: Symbol response broadening measured via the radio channel (Measurement
time ~ 10 minutes).

response was shown on the oscilloscope. The same statistical measurements were done
resulting in a deviation of 7 ns, see figure 15. This 7 ns contains clock jitter as well as
symbol response broadening, so the conclusion is valid that changes in arrival time of
the symbol response are more important than symbol response broadening. This result
can be explained with the fact that the channel is time invariant over one symbol time
of 1.4 J.Ls. So the rising slope of the symbol response experiences the same channel as
does the falling slope. When looking over several thousands of responses the channel
is time variant, see figure 12.
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3.5 Doppler shift and Selective fading

Carrier frequencies, to be received by a moving receiver (e.g people moving with a
cordless headphone), are shifted in frequency related to the speed of the receiver. This
can also be the case in non LOS propagation conditions when the reflection point moves.
If v is the speed of the receiver, fc is the carrier frequency of the transmitted signal,
the received frequency fT is given in equation 9.

(Hz). (9)

Chosing v = 2.5 mls (approximately the speed of a walking person), the second term
in equation 9 which is in fact the doppler shift, fds, results in equation 10.

{V} 9 { 2.5 }fds = ±fc' - = ±2.5 . 10 . 8 ::::: ±20 Hz.
c 3.0 ·10

(10)

This frequency shift in our case, using frequency modulation, causes a DC-shift in the
demodulated signal, see figure 12. This time variant DC-shift can be removed when
using an adaptive DC compensation system.

Another effect caused by multipath propagation is selective fading. Selective fading
is the event that some frequencies in the transmitted spectrum are attenuated more
then others. This is caused by the fact that destructive interference, the cancellation of

Figure 16: A measured spectrum of a selective fading event, better known as aM-profile
spectrum.

two waves that are out of phase, is very frequency selective. A path length difference
between 2 rays causes only extra attenuation for those frequencies that have half, or a
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multiple of half a wavelength, on this path length difference. Figure 16 shows a picture
of a spectrum measured during a selective fading event.
A way of coping with selective fading is using space diversity. The problem in this case
is finding a good switching criterion. Testing on SNR isn't a good one because during a
selective fading event the received SNR can be good although the demodulated signal is
completely mutilated, due to a mutilated received spectrum. Testing e.g. on the error
signal produced by the DFE or on the amount of errors that occur can be a better
criterion for switching or combining.

3.6 Sources of interference

The frequency band that is expected to be assigned for in-house audio transmission is
2470 to 2500 MHz, with a transmitted power of 10 mW. The frequency band from 2400
to 2500 MHz is a industrial, science and medical band (ISM). In this band it is allowed
to use electromagnetic energy for purposes other then information transport, like for
instance heating.
The band is also used to facilitate mobile television camera's, CB systems (below 2450
MHz) and surveillance systems. From these relative low power applications little in
terference is to be expected. Another advantage is that the interference from these
applications will be local.
More interference however is to be expected from the microwave oven, that is almost
always located in the vicinity of the receiver used in our application. EMC measure
ments indicate that the microwave oven "leaks" approximately 2 Watts [14]. In fact
[13] shows that apart from the microwave oven in the 2400 to 2500 MHz band little
non-white noise, or impulsive noise is to be expected. The next paragraph will briefly
discuss the operation of a microwave oven and present a measured spectrum giving an
indication of the interference to be expected.

Microwave oven Figure 17 presents a measured spectrum transmitted by a mi
crowave oven used for consumer applications. The marker at 2.5013 GHz is on the
spectrum transmitted by our transmitter. Due to the fact that tne spectrum transmit
ted by the microwave oven changes in time, this effect is explained below, the spectrum
analyzer is set in a max. hold mode for a period of about 1 minute. The magnetron
that generates the EM-energy which heats the the food in the microwave oven is fed
by a high voltage power supply. This power supply produces a half-wave rectified sine
wave. At low voltages the magnetron is a spectral unpure oscillator. So the produced
spectrum will be very wide, approximately 200 MHz. As the voltage increases the pu
rity of the oscillator improves and due to a voltage controlled oscillator (VCO) effect
the frequency of the EM-energy increases. This effect continues until the top of the
rectified sine wave is reached and then the process repeats itself in a inverse manner.
Reaching the top of the rectified sine wave introduces a steep slope in the top of the
transmitted spectrum. The door in the microwave oven is designed to act as a stub
which is designed to give the highest attenuation in the middle of the frequency band,
in order to decrease "power leakage". This explains the "dip" in the middle of the
frequency spectrum. During the second half of one period of the sine wave (20 ms)
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the magnetron stays off. This effect is however not present in professional microwave
ovens that use interleaved power supplies. This eliminates the possibility of using time
interleaving in transmitting the digital audio signal.

Using a very presizely designed microstrip filter with high attenuation below 2470 MHz
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Figure 17: Spectrum transmitted by a microwave oven (Measurement time ~ 1 minute,
in max. hold).

would reduce the interference from the microwave oven. Another (rather expensive)
possibility is using a adaptive phase array antenna system, this kind of suppression is
generally referred to as "adaptive nulling", giving high suppression to "jammers". A
phase array however loses it's effectivity when the microwave oven is in the middle of
the propagation path between the transmitter and receiver.
Both solutions deliver suppression to jamming from the microwave oven, but figure 17
shows that the "wanted" spectrum suffers from in-band interference as well. This effect
is actually visible on the intermediate spectrum and after demodulation. One way of
coping with this kind of interference is using error correction methods.
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4 Performance of DFE on the in-house radio channel

4.1 Introduction

In narrow-band digital communication systems such as those encountered in the in
house radio environment or e.g. ISDN, coping with intersymbol interference is an
important issue. Apart from the time invariant lSI introduced by the transmit and

In-~+:-fl--~ f Out

Figure 18: Schematic of a two level DFE with four feedback taps.

receive filter, time variant lSI is introduced by the channel [25], see chapter 3.4. One
way of dealing with these (time variant) sources of lSI is to make use of a adaptive
equalization [24],[27],[28],[29]. More in particular, in this prototype, decision feedback
equalization [17],[18],[26]. This type of equalization makes use of a feedback filter.

Post-curaive lSI

Figure 19: Definition of pre- and post cursive lSI.

Figure 18 shows a block diagram of an elementary DFE with four feedback taps. By
feeding decisions into this filter an estimate is formed of post-cursive lSI, which is then
subtracted from the incoming signal. The weighing factors, used to determine the esti
mate for the post-cursive lSI, pn k (n = 1,2,3,4 in our case) are adaptively updated, the
updating process is discussed in chapter 4.2. Use of DFE together with a prefilter may
lead to significant improvement in noise suppression relative to the more usual linear
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equalizer. In concept, the optimum pre- or receive filter acts as a low-pass phase equal
izer, transforming all pre-cursive lSI into post-cursive lSI that can in turn be removed
by the feedback filter. For an explanation of pre- and post-cursive lSI, see figure 19.
In the following sections our specific implementation of the decision feedback equalizer
is discussed and the measured performance of the DFE on the in-house radio channel
is presented.
In view of the measurements results found in chapter 3.4, little channel introduced
lSI cancellation is expected, due to the fact that the channel simply doesn't intro
duce significant lSI. This of course apart from selective fading events that introduce
catastrophic lSI as seen in figure 12.

4.2 Implementation of the DFE

Figure 20 presents the complete data receiver used in the system. The digital data
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Figure 20: Baseband data receiver.

receiver described here is designed and simulated by Toon Bogers [21], [22]. It consists
of the following subsystems:

1. Receiving filter.

2. AID converter (ADC).

3. Detector (DET).
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4. Adaptive DC compensation (DCc).

5. Adaptive feedback filter (FBF).

6. Timing recovery (TIM).

For the complete overview of the baseband system first the data transmitter will be
discussed.

Data transmitter The format of the digital data stream from the CD-player is EBU.
From this stream only the data bits are taken. This leaves a data stream of 1.4112 Mb/s
(±1.4 Mb/s). The 1.4 Mb/s data stream is coded to 4 level signal using PAM. This
results in a symbol stream of 700 kbd. A tapped delay line filter is adjusted such that
no pre-cursive lSI is present. The signal is filtered with a fourth order Butterworth low
pass filter with it's -3 dB point at 350 kHz, which is the Nyquist frequency.

The subsystems in the data receiver will be discussed in the following paragraphs.

Receiving filter The receiving filter is a fourth order Butterworth low pass filter
with it's -3 dB point at 350 kHz. The same filter is used during the measurements
presented in chapter 3.4.

AID converter The A/D converter samples the signal Xt which is the prefiltered
version of Tt, the demodulated or baseband signal, at a frequency of 700 kHz. 700
kHz is the symbol rate. The 700 kHz sample clock is recovered by the timing recovery
subsystem to be discussed later. The sampled signal is quantized into a 8 bit two's
complement code, Yk.

Detector The symbol detector, detects or slices the four level symbols, using an
adaptively determined reference level (not the slicing levels), qk with,

(11 )

and 11 = 2-10 , ek being the error signal to be discussed later. qk is the reference level
for a '+1' symbol, assuming no DC (adaptive DC compensation). -qk is the reference
level for a '-1' symbol and respectively ±2 ·qk are the slicing levels for the '±3' symbols.
The slicing level zero is used to distinguish between '+ l' and'-1' symbols. At the same
time the error signal being,

(12)

is generated, see figure 23. This error signal serves the following purposes:

• Adaptive control of the reference level qk with an LMS algorithm, see equation
11.
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• Update of the feedback tap gain factors pi k with an LMS algorithm, see equation
15.

• Adaptive control of the DC compensation see, equation 13.

• Adaptive control of the timing recovery system.

From the table shown above it is seen that ek is a very important signal controlling all
the adaptive processes present in the data receiver.

Adaptive DC compensation In the FM demodulated baseband signal there can
be some DC present. This can have the following causes:

1. Doppler shift caused by moving objects in the radio channel or a moving re
ceiver/ transmi tter.

2. Down mixing from RF to IF with a mistuned or non-stable local oscillator.

3. Using a non DC free symbol stream.

To combat these three effects an adaptive DC compensation system is implemented.

(13)

with a/ == 2-5 resulting in a somewhat faster response as the other 2 LMS algorithms.
The choice of a/ is such that the DC compensation is the fastest algorithm, since the
detector assumes the slicing level between a '+ l' symbol and a '-1' symbol to be zero.

Adaptive feedback filter In figure 18 the purpose of the feedback filter in the DFE
was explained. In this filter an estimate is formed of the post-cursive lSI. This estimate
i k is calculated as follows:

n

ik == Lpi k · bk - i .
i=l

(14)

with n == 4, which is the number of feedback taps implemented. The tap gain factors
pn k in equation 14 are determined as follows,

(15)

with /3/ == T lO
. The lSI estimate ik is subtracted from the incoming signal Yk, ideally

deleting the lSI present in Yk.

Timing recovery The phase detector in the timing recovery system calculates a
control signal that gives information for the amount of phase mismatch in tk. In figure
21 Ck and q' represent the increase of the MSE due to flt or flt' timing mismatch,
assuming no lSI present. The error signal ek will increase with the increasing value of
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Figure 21: The timing recovery principle.

Ck or Ck'. From bk the sign of the amount of timing mismatch is deduced. The phase
detector uses ek and bk in the following way:

(16)

With Pk in equation 16 being the timing control signal. The signal u(t) is the quantized
and to analog converted version of Pk. u(t) is fed to a first-order active loop filter, this
type of loop filter has the advantage that it allows the PLL to handle frequency offsets
without final phase error. Implementation of the analog part of the timing recovery
loop together with a possible implementation of the receiving filter is presented in [19J.
A more thorough explanation and the theoretical background, for instance expressions
for the loop damping factor and the natural frequency of the loop, is given in [20J.
With the filtered signal v( t) a voltage controlled clock is driven generating the sample
clock tk.

All the digital subsystems of the data receiver have been programmed into a total of 3
Altera EPLD's, 2 of these EPLD's are filled with the four level FBF. Complexity can
be greatly reduced when using a two level system. This in turn reduces the spectral
efficiency, and increases the vulnerability agains power delay spread since the symbol
time is only half the symbol time of the 4-level system.

37



4.3 Baseband performance measurements

4.3.1 Measurement set up baseband system

Before measuring the performance of the data receiver in the dynamic channel it is of
course necessary to verify whether the baseband system functions according to expec
tation and simulation. To perform this verification the measurement setup presented in
figure 22 was build. A pseudo random pattern generator, HP 3780A is used to generate
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Figure 22: Measurement setup to measure Pe versus SNR for the baseband system with
white noise.

a pseudo random bit sequence with length n = 15. This sequence is modulated by the
baseband data transmitter. On the baseband channel, a coax cable, white noise with
an adequate bandwidth is added to the baseband signal. The white noise generator
was adjusted in precisely 1 dB steps to obtain high accuracy.
Next, the baseband signal with the added white noise is fed to the baseband data
receiver. With a logic analyzer the following four signals where made visual.

• bk the transmitted symbol (2 bits).

• Zk the signal before detection (quantized into 12 bits).

• ek the error signal (quantized into 12 bits).
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• bk the received or detected symbol (2 bits).

The signals where taken in 1000 symbols at a time, which equals 2000 bits, every 50
seconds. These four signals where transported via a RS232 line to a workstation, that
at the same time controlled the logic analyzer. Processing the four above mentioned
signals by the workstation made it possible to calculate the mean square error, thus
the (signal + distortion) to noise ratio, and the bit error rate (BER). This processing
was done using equation 12 and the following equations,

ek Zk "
Ek = - = - - bk • (17)

qk qk

Which means that Ek represents the difference between the incoming and the "sliced"
bit, with the incoming bit being normalized using the reference level qk.

M SEpb = 10 ·log {±. ~(E(k_i))2}. (18)

M S E pb being the MSE per block of s symbols (s = 1000). In figure 23 the signals used
for the calculation of the MSE are presented and their relation, according to equation
12 is given. Equation 19 is generally used to calculate the signal to noise ratio before

ek

/
Figure 23: Error signal generation.

detection, assuming that there is no lSI present.

1
SN Rbd = M S E

pb
(19)

M SE pb and thus SN Rbd are averaged over a block of s symbols. With the measurement
setup described above the BER versus SN Rbd curve can be measured.
When using a DFE post-cursive lSI is subtracted from the incoming signal. Doing this
deletes signal energy. So deleting post-cursive lSI costs SNR to be presented at the
input (before equalization) of the data receiver. To measure the signal to noise ratio
before equalization, SN Rbe, a software "lookup" table is made giving the SN Rbe for
every setting of the white noise generator. This enables the measurement to determine
the BER versus SN Rbe curve.
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4.3.2 Baseband performance measurements results

With the system as described in chapter 4.3.1, measurements where performed to de
termine :

• BER versus signal to noise ratio before detection, to verify proper operation of
the system.

• BER versus signal to noise ratio before equalization, the curve needed to correlate
the received signal power measured in chapter 3, via figure 4, to BER performance.

The measurements results are shown in figure 24, figure 25. First the curve measured
before detection. Although it is obvious that the SNRbd, read MSEpb (see equation
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Figure 24: Pe versus SN Rbd for the baseband system with white noise.

19), versus BER is a purely theoretical defined curve [23J, to verify proper operation
of the system and to prove reliability for the in the following sections of this report
presented curves, the curve has been measured. In figure 24 the simulated version of the
curve is also shown. The crosses are the measurement results. The theoretical curves
for the BER versus SN Rbd have been simulated for two different cases. First using the
transmi tted bit «A)ctual, see label at the top right of figure 24) and secondly using
the "sliced" or the (E)stimation, see label, of the transmitted bit, for the calculation of
the MS Epb' When making a large amount of bit errors the "sliced" bits are not equal
to the transmitted bits, and the two curves begin to differ slightly from each other. In
the practical situation however it makes no difference if the transmitted or the "sliced"
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bits are used since at BER > 10-2 the complete system falls "out of lock" due to
timing recovery failure. The measurements where done over long periods of times, for
the low BER's (around 10-6

), measurements where done at night. This resulted in the
accumulation of enough errors to ensure a statistically correct measurement. Figure
24 shows that the measurements resemble the simulations quite well, with a maximum
difference of about 0.5 dB, which is probably a model, or measurement inaccuracy. The
measured SN Rbd points where not fitted with a solid line to give an indication of the
amount of spread on the measurements. This to give an indication of the accuracy
for the measured curve in figure 25 and the measurements presented in the following
sections of this report. Figure 25 shows the S N Rbe versus BER curves (curve with label

P. ver.u. S~gnoL Lo No~•• roL~o, vh~L. no~•••

r=:-sl
~-"

10'" .....0-_....,.-.--,.......-.--1....3.-.--.......-_.....,'-.•
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Figure 25: Pe versus SN Rbe for the baseband system with white noise.

'M' is the measured curve and the one with the label'S' is the simulated one showing
the same difference as the two curves presented in figure 24). This curve has to be used
in the practical (white noise) situation giving the amount of bit errors when feeding a
certain SNR to the data receiver. It proves that the data receiver delivers Pe = 10-6

for S N Rbe is about 15 dB, which resembles the simulated curve also presented in figure
25.
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4.4 Performance measurements on in-house radio channel

4.4.1 Measurement setup to determine the performance of DFE on the
in-house radio channel

Carrying out measurements, like the ones presented in chapter 4.3, with a cable repre
senting the channel and an adjustable noise source gave an exact readout of the S N Rbe.
In a time variant channel it is much more difficult to monitor the SN Rbe. To monitor
the SN Rbe the following measurement setup, see figure 26, was built. It consists of

PSEUDO
RANDOM
PATI'ERN

GENERATOR

FM
RECEIVER

8l'RENGTH

INDICATOR

ADC

DATA TRANSMITTER

DATA RECEIVER

FM
TRANSMITI'ER

COMPUTER

CONTROL

(WORKSTATION)

Figure 26: Measurement setup used during DFE performance on channel, and outage
curves measurements.

TOughly the same components as the baseband measurement setup, see figure 22. To
speed up the measurement only the transmitted bit bk , and the received bit bk is taken
in by the Logic Analyzer. New in the setup is the field strength indicator that monitors
the IF signal just before the adaptive gain control (AGC). This gives an indication of
the received signal power. It consists of a true rms meter measuring the power of the
IF signal. The rms meter is preceded by adequate band filtering. The rms meter feeds
a voltage to an 8 bit analog-to-digital converter. These 8 bits are also presented to the
Logic Analyzer. With the help of a coax cable a software "lookup" table is made cov
ering the significant received signal strengths found in the radio channel. This table is
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made measuring the received noise power, with a zero input voltage at the modulating
input of the FM transmitter. For different received signal strengths the "lookup" table
can now be cons~ructed assuming that the demodulated signal is kept at a constant
voltage by the AGe during the channel measurements. This will require amplification
and thus introduce a decrease of the S N Rbe.

The complete field strength indicator setup had a dynamic range of 40 dB, with enough
resolution for our purposes. With this setup it is possible to measure the BER versus
SN Rbe curves in the "live" channel with different data receiver configurations, e.g.
zero or four feedback taps adaptive both single or multiroom. Doing post-processing
on the acquired SN Rbe'S results in outage curves. The next sections will present these
measurements.
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4.4.2 Measurements results regarding the performance of DFE on the in
house radio channel

Bit error rate measurements Figure 27 presents the BER vs SN Rbe for a single
room situation. It should be clear that under normal circumstances the S N Rbe only
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Figure 27: Fe versus S N Rbe for a zero and four feedback taps adaptive DFE in a
singleroom situation.

seldomly drops to the levels presented here. However in order to perform the measure
ments the transmitted power is decreased such that the interesting part of the slope
(10- 2 < Fe < 10-6 ) can be measured. The direct ray dominates all other rays in the
singleroom situation, it should be noted that this is not necessary a LOS situation be
cause there are people moving in the channel. The zero feedback tap adaptive situation
is measured such that first the system was given the opportunity to set it's feedback
taps in the optimum position to eliminate phase distortion introduced by the band
limiting filters. Then the feedback taps were "frozen" so no update could take place.
In this way it is possible to isolate the actual performance of the adaptive feedback
filter on the channel. The adaptive DC compensation, adaptive reference level and the
timing recovery were of course allowed to update for both the zero and four feedback
tap adaptive measurements. The total measurement time of the measurements result
ing in figure 27 is chosen such that the system was able to accumulate enough errors
to ensure a statistically correct measurement.
Thf' power delay spread measurements presented in chapter 3.3 already indicated that
adaptivity in this situation was not necessary. This in fact is proven in figure 27, since
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the curve measured without updating the feedback taps shows a better performance of
the system then does the curve measured with the continued update of all four feed
back taps. The introduced decrease in performance with updating the feedback taps
is thought to be the result of too aggressive control, resulting in an overshoot. It must
be said however that reaching the poor SNR's as presented in figure 27 will be rare,
since in the singleroom situation the pathloss is not high compared to the multiroom
situation.

Figure. 28 presents the BER versus S N Rbe for a multiroom situation. Distance between
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Figure 28: Pe versus SN Rbe for a zero and four feedback taps adaptive DFE in a
multiroom situation.

the transmit and receive antenna is 18 meters and there is no LOS propagation pos
sible. The total measurement time resulting in figure 28 was again chosen such that
enough errors where accumulated. Figure 28 shows that in the multiroom situation
constantly updating the feedback taps results in a increased performance of the system
of 3 to 4 dB. This proves that there is time variant lSI such that using an adaptive DFE
improves the systems performance. The LOS ray is attenuated such that a reflected
ray, probably propagating through the hallway has comparable signal strengths. The
reflected ray arrives with a delay large enough to create an amount of lSI that can
effectively be removed by the DFE. The amount of channel introduced lSI is seen to
cause a performance degradation when not compensated for.
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Considering that the telecommunication system has to operate in the in-house envi
ronment and not in the laboratory environment, where there is a lot of metal present,
the above seen gain using an adaptive DFE can be considered best case. This because
in the in-house situation the reflected signals will be attenuated more and thus can
introduce not so much lSI as encountered in the laboratory environment.

Outage curves measurements With the setup presented in figure 26 and doing
post-processing on the acquired data it was possible to generate outage curves. In these
kind of curves the amount of time a telecommunication system performs worse then a
certain BER can be found. These curves can be measured with different data receiver
setups, 'using different transmitted power levels, under different propagation conditions
e.g. single or multiroom. In our case however no singleroom measurements have been
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Figure 29: Outage curve, multiroom, 0 feedback taps adaptive.

performed because with practical transmitted power levels (100pW to 20 mW) the
performance of the system, for almost 100% of the time, results in Fe < 10-6 which
exceeds the measuring capacity. Figure 29 shows the curves measured for different
transmitted power levels in a multiroom situation with 0 feedback taps adaptive. From
these curves it can be seen that the system is performing on the border of it's service
area. With 20 m W transmitted power the BER exceeds 3.0 . 10-4 for 5% of the time
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and this gets worse when decreasing the transmitted power. Figure 30 presents the
curves for the 4 feedback tap adaptive multiroom situation, the performance has in
fact increased as expected. The 0 feedback tap adaptive situation with Ptr = 20 mW
has the same outage curve as does the 4 feedback tap adaptive situation with Ptr = 10
mW. This is the already found gain using adaptivity in the multiroom situation. See
e.g. figure 28. With a transmitted power of 20 mWand 4 feedback taps adaptive the
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Figure 30: Outage curve, multiroom, 4 feedback taps adaptive.

system operates about 0.5% with Pe > 5.5· 10-6 which is an acceptable value. For 10
mW this 0.5% is only reached for Pe > 1.0 . 10-3 .
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5 Conclusions and Recommendations

The conclusions and recommendations of this report can be separated into two separate
parts. First the conclusions and recommendations regarding the 2.5 GHz in-house
channel measurements, and secondly the conclusions and recommendations regarding
the measured performance of DFE on the in-house channel are discussed.

5.1 The 2.5 GHz in-house radio channel

The conclusions of the in-house channel measurements at 2.5 GHz can be described as
follows. Singleroom measurements showed that propagation here is to be compared to
free space propagation, lossfactors ~ 2. Received signal levels however can be higher
due to metal objects or metal constructions being present in the room resulting in less
absorption and more reflection of transmitted power, this effect can be compared with
a waveguide. Multiroom measurements showed a lossfactor of 4.
During single and multiroom measurements the spread of received power around the
average received power was ±10 dB. This spread is caused by multipath. Total destruc
tive interference, resulting in a complete disappearance of the signal was never found
during the measurements. Assuming a Rayleigh fading channel this indicates that the
tail of the probability density function decreases quickly for higher fading levels. The
spread on the received signal power can be avoided using antenna diversity. Switching
between antennas on the basis of received power could be a solution.
Care has to be taken of channel allocation and assignment, since this kind of system
with high dynamic properties in terms of received signal power can cause interference
between users. Using a system under lossfactor 4 propagation conditions resulting in
reliable communication over about 18 meters can deliver the same reliable communica
tion over about 340 meters when used in free space, lossfactor 2, propagating conditions.
Power delay spread measurements resulted in a maximum delay of arriving power of
100 ns, about 30 dB down. The rms power delay spread was estimated to be 30 ns. The
relation between power delay spread measurements and symbol response measurements
of the channel has been investigated. The symbol response measurements proved the
channel to be time invariant within one symbol time, so there is very little channel
introduced lSI. Over longer periods of time the channel is time variant resulting in
different symbol arrival times.
The doppler frequency shift is about 20 Hz and will cause a time variant DC-shift of
the demodulated signal with frequency modulation. Selective fading caused completely
mutilated symbol responses and was seen to occur occasionally. Selective fading can
be combatted with antenna diversity, when using a somewhat more complicated algo
rithm then used for combating flat fading. Switching or combining on basis of received
signal power is not effective any more since the received SNR can be adequate although
the received signal can be completely mutilated. Switching on the basis of the error
produced by the DFE or the amount of errors occurring can be a better algorithm.
The assigned frequency band (2470-2500 MHz), a ISM band, suffers from interference
from terrestrial microwave links and more severly from the microwave oven. Power
"leakage" from this microwave oven is approximately 2 Watts, being substantially larger
as the 10 m W to be assigned for in-house transmission of audio. Designing a high order
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(even higher as the 8th order filter used in our setup) microstrip filter that effectively
attenuates the spectrum transmitted by the microwave oven seems to be the only an
swer. This since other solutions, like for instance an adaptive phase array is much
too expensive for consumer applications. A filter can however not avoid the in-band
distortion caused by the microwave oven. To combat this effect error correction can be
considered.
As discussed before antenna diversity can delete some of the undesirable properties
of the in-house radio channel [16]. Several forms of diversity can be applied. More
research has to be done when for instance space, polarization or frequency diversity are
to be used. Research has to be undertaken, to determine the correlation between the
multipl~ received signals (amplitude and polarization) when using antenna diversity
systems, in in-house radio systems.

5.2 Measured performance of DFE on the 2.5 GHz in-house radio
channel

To determine the performance of one kind of DFE implementation on the 2.5 GHz
in-house radio channel, measurements have been performed. For both a single- and
multiroom situation SNR versus BER curves where determined with different data re
ceiver setups. In a singleroom situation the performance of the system without feedback
tap updating performs better as does the system with feedback tap updating. This is
due to the introduction of control noise, because of the somewhat aggressive control.
It seems that the update LMS parameter ensuring fast convergence behaviour does not
necessarily has to be the optimal parameter to follow channel variations.
In the multiroom situation (at the border ofthe serviced area) a gain is observed when
updating the feedback taps. This gain is about 3 to 4 dB. In the multiroom situa
tion obviously lSI is generated such that the channel introduced lSI can be effectively
removed by the feedback filter. This gain is "best case" because of the amount of
iron present here, in the house environment the multipath rays will experience a much
higher attenuation. The question whether the gain of 3 to 4 dB justifies the increased
system complexity is left to the system designer. The lower strain put on the precision
of the filters, using DFE, when going into mass production is an aspect that however
has to be considered as well.

50



Acknowledgement

I would like to thank Rob Sluijter and Jan Bergmans, my coaches, for their guidance,
assistance and useful discussions. Special thanks go to Toon Bogers who gave me the
opportunity to use the data receiver, designed and built by him, for my measurements.
Furthermore I would like to thank Toon Bogers and Johan van Valburg for their hospi
tality and assistance during measurements, and help with the development of software.
Finally I would like to thank the complete Radio & Data transmission group for their
support and constructive discussions during my graduation project at the Philips Re
search Laboratories in Eindhoven.

Eindhoven, August 26, 1992
Nederlandse Philips Bedrijven B.V.

51



References

[1] Cox, D.C., Murray R.R., and Norris A.W.,
800-MHz Attenuation Measured In and Around Suburban Houses,
In: AT&T Bell Laboratories Technical Journal,
Vol. 63, No.6, July 1984, P. 921-954,
Bell Laboratories.

[2] Cox, D.C., Murray R.R., and Norris A.W.,
.Measurements of 800-MHz Radio Transmission Into Buildings With Metallic
Walls,
In: The Bell System Technical Journal,
Vol. 62, No.9, November 1983, P. 2695-2717,
Bell Laboratories.

[3] Alexander, S.E., Pugliese, G.,
Cordless communication within buildings: results of measurements at 900 MHz
and 60 GHz,
In: British Telecom Technology Journal,
Vol. 1, No.1, July 1983, P. 99-105.

[4] Saleh, A.A.M., Valenzuela, R.A.,
A statistical model for Indoor multipath propagation,
In: IEEE Journal on selected areas in communications,
Vol. SAC-5, No.5, February 1987, P. 128-137.

[5] Wagemans, A.G.,
Measurement and Statistical Modelling of Indoor Radio Channels in the mm
Wave Frequency Band,
Graduation Thesis, February 1992,
Eindhoven University of Technology.

[6] Cox, D., Arnold, H., Porter, P.,
Universal Digital Portable Communications - A system perspective,
In: IEEE Trans. J. Sel. Areas. Comm,
Vol. SAC-5, No.5, June 1987, P. 764-773

[7] Rappaport, T.S.,
Indoor Radio Communications for factories of the future,
In: IEEE Communications magazine,
Vol. 5, No.6, May 1989, P. 15-23.

53



[8] Winters, J.H., Yeh, Y.S.,
On the performance of Wideband Digital Radio Transmission Within Buildings
Using Diversity,
Globecom 1985 Conference Record, December 1985.

[9] Zaghloul, H., Fattouche, M., Morrison, G., Tholl, D.,
Comparison of indoor propagation channel characteristics at different frequen
cies,
In: Electronics letters,
Vol. 27, No. 27, November 24 1991, P. 2077-2079.

[10] Devasi rvatham, D.M.J.,
Time delay spread measurements of wideband radio signals within a building,
In: Electronics letters,
Vol. 20, No. 23, November 8 1984, P. 950-951.

[11] Devasirvatham, D.M.J.,
Multipath Time delay spread in the digital portable radio environment,
In: IEEE Communications magazine,
Vol. 25, No.6, June 1987, P. 13-21.

[12] Ganesh, R., Pahlavan, K.,
On the modeling of fading multipath indoor radio channels,
In: Proceedings IEEE,
Globecom. 1989 Dallas Tx. USA,
November 30 1989, P. 1346-1350.

[13] Blackard, K.L., Rappaport, T.S., Bostian, C.W.,
Radio frequency noise measurements and models for indoor wireless communi
cations at 918 MHz, 2.44 GHz and 4.0 GHz,
In: Congress report ICC Denver, P. 0028-0032.

[14] Leyten, L., Visser, H.A.,
Radiation properties of the microwave oven,
Philips Technical Note (in preparation).

[15] Hawbaker, D.A., Rappaport, T.S.,
Indoor wideband radiowave propagation measurements at 1.3 GHz and 4.0 GHz,
In: Electronics letters,
Vol. 26, no. 21, October 11 1990, P. 1800-1802.

54



[16] Miiskens, H.T.,
Performance evaluation of a DFE/QPSK modem for indoor radio applications
at 60 GHz,
Graduation thesis (in preparation), September 1992,
Eindhoven University of Technology.

[17] Qureshi, S.U.H.,
Adaptive equalization,
In: Proceedings of the IEEE,
Vol. 73, No.9, September 1985, P. 1349-1387.

[18] Bergmans, J.W.M.,
Partial Response Techniques and Robustness in Data Equalization,
Ph.D.Thesis, 8 September 1987,
Eindhoven University of Technology.

[19] Stiphout, E.H.,
Analog Prefiltering and Timing recovery for a Digital Decision Feedback Equal
izer,
Internal report, December 12, 1991.

[20] Bergmans, J.W .M.,
Design of a hybrid data-aided timing recovery subsystem for a decision-feedback
equalizer,
Internal report, May 13, 1991.

[21] Bogers, A.J.P.,
Hardware implementation of a 1.4 Mbit/s adaptive data receiver for an in-house
radio link,
Philips Technical Note (in preparation).

[22] Bogers, A.J .P.,
Design and simulation of a 1.4 Mbit/s adaptive data receiver for an in-house
radio link,
Philips Technical Note (in preparation).

[23] Shanmugam K.S.,
Digital and analog communication systems.

[24] Sexton, T.A., Pahlavan, K.,
Channel modeling and adaptive equalization of indoor radio channels,
In: IEEE Journal on selected areas in communications,
Vol. 7 No.1, January 1989, P. 114-121.

55



[2.5] Howard, S.J., Pahlavan, K.,
Measurement and analysis of the indoor radio channel in the frequency domain,
In: IEEE Transactions on instrumentation and measurement,
Vol. 39, No.5, October 1990, P. 751-755.

[26] Howard, S.J., Pahlavan, K.,
Performance of a DFE modem evaluated from measured indoor radio multipath
profile,
In: Proceedings IEEE,
ISCC. Atlanta GA. April 16-19 1990.

[27] Monsen, P.,
Theoretical and measured performance of a DFE modem on a fading muItipath
channel,
In: IEEE Transactions on communications,
Vol-com. 25, No. 10 , October 1977, P. 1144-1153.

[28] Monsen, P.,
Feedback equalization for fading dispersive channels,
In: IEEE Trans. Infor. Theory,
Vol TT-17, June 1971, P. 56-64.

[29] Valenzuela, R.A.,
Perfonnance of adaptive equalization for indoor radio communication,
In: IEEE Transactions on communications,
Vol. 37, No.3, March 1989, P. 291-293.

56



6 Appendices

6.1 Antenna characteristics
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Figure 31: Axis definitions and antenna geometry.



1

Figure 32: Antenna gain pattern in the 7]-plane (top => 7] = 0), clockwise is positive.

1

Figure 33: Antenna gain pattern in the ip-plane (top => ip = 0), counter clockwise is
positive.

Both the antennas seem to be "pseudo" isotropic resulting in a average gain of 0 dBi,
scale is 0.5 dB / div. Theoretically the antennas should have a gain > 0 dBi, this is
however not the case due to the relative small ground plane. The "pseudo" isotropic
gain pattern in fact makes the antennas more suitable for our measurement purposes.
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Figure 34: Measured Smithchart of the quarter wave dipole with ground plane using a
network analyzer.
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NORMALIZED IMPEDANCE AND ADMITTANCE COORDINATES

• 1 • • I • •• io • • 1 • • , •.: ; • : ; : ; :
: ; : :

_. _ .. _ •• - _ ... ...-.---- __I .~

lU.CMAU.T SCALED PUlA.TEfitS

; .
-- . . . .. ..: .. .. -

Figure 35: Smithchart to determine antenna mismatch.

From figure 34 it is seen that Ra , the real part of the antenna load Za is 60.086 n. X a ,

the imaginary part of the antenna load Za is 13.355 n.
The normalized impedance Za with Zo = 50 n then is equal to :

Za = T a +j . X a = 1.20 +j . 0.267 n. (20)

Plotting this in the Smithchart results in a standing wave ratio circle as seen in figure
35. The transmission loss T is next deduced from the scale shown below the Smithchart
resulting in :

T ~ 0.1 dB. (21)
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6.2 Singleroom Measurement results
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Figure 36: Singleroom (livingroom) measurement house 1.
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Figure 37: Singleroom (livingroom) measurement house 2.
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Si.gnoLstrength vs. di.stonce i.n Li.vi.ng room, house 3
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Figure 38: Singleroom (livingroom) measurement house 3.
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Figure 39: Singleroom (livingroom) measurement house 4.



SLgnaLstrength vs. dLstance ~n Laborator~ room 1
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Figure 40: Singleroom measurement laboratory room 1.
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Figure 41: Singleroom measurement laboratory room 2.
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6.3 Multiroom measurement results
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Figure 42: Max. and Min. Signalstrength vs. distance Laboratory (Gain 40 dB).
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Figure 43: Multiroom measurement house 1.
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Figure 44: Multiroom measurement house 2.
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Figure 45: Multiroom measurement house 3.
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SLgnoLslr. vs. dLsl. Ln nouse 1, ground floor + fLrsl floor
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Figure 46: Multiroom measurement house 4.
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Figure 47: Max. and Min. Signal strength vs. distance Laboratory, 2 floors (Gain 40
dB).
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6.4 Power distribution in laboratory room 2

Power d~s~r~bu~~on ~n Loboro~or~ room 2

figure 48: Power distribution in laboratory room 2.

The antenna is located at (1,2). At the right side of the antenna a cabinet made of steel
is present attenuating the received signal level in that direction. In the corner opposite
of the antenna (2,16) an iron writing board is at the wall, resulting in somewhat higher
received signal strengths in front of the board.
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6.5 Power delay spread measurements (some examples)
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Figure 49: Power delay spread in laboratory room 1 (Time/div = 50 ns).
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Figure 50: Power delay spread in laboratory room 2 (Time/div = 50 ns).
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Figure 51: Power delay spread in laboratory room 2 (Time/div = 50 ns).
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6.6 Frequency spectrum used during the measurements
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Figure 52: Frequency spectrum used during the measurements.
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6.7 Microstrip filter and it's frequency response

Figure 53: Microstrip filter (actual size, down left is input, upper right is output).
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Figure 54: Frequency response of the microstrip filter.

3The microstrip filter is designed and measured by Henk Visser.
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6.8 Overview of all performance measurements

Pe versus SNR, PM s~slem v~a rad~o channel.
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Figure 55: Overview of all, decision feedback equalizer, performance measurements.
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