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Abstract— A new class of Orthogonal Frequency Di-
vision Multiplexing - Conti Phase Modulation
(OFDM-CPM) signals has been introduced recently
that out performs conventional OFDM-PSK signals.
These signals employ multi-symbo! observatious for de-
tection of data. An analysis of these OFDM-CPM sig-
nals has been carried out over multipath fading chan-
nels. The intent of this paper is to examine these signals
for application over indoor wireless channels. Exten-
sive simulations have been performed using industry
standard SIRCIM channel simulator. Based on these
results we offer design details of OFDM-CPM signals
for applications in high speed indoor wireless commu-
nications.

I. INTRODUCTION

Orthogonal Frequency Division Multiplexing
(OFDM) is a wideband modulation scheme which
can be designed to combat the problems of multi-
path propagation. In OFDM systems, the high speed
data stream is converted into several parallel slower
data streams with relatively longer symbol period;
this will increase the system immunity to fading. An-
other advantage of OFDM is its high bandwidth ef-
ficiency as each of the parallel data stream’s spec-
tra overlaps with adjacent channel’s spectra. The ex-
traction of each individual channel is still possible as
long as the orthogonality condition is maintained [1],
{2]. Among other benefits of OFDM is that it fully
exploits the advantages of digital signal processing
concepts (3]

Currently, OFDM is the standard modulation
scheme in Europe for Digital Audio Broadcasting
(DAB) and terrestrial Digital Video Broadcasting
(DVB-T). In addition, OFDM forms the basis for the
physical layer in the upcoming standards for broad-
band WLANS, for exampie, European Telecommu-
nications Standards Institute Broadband Radio Ac-
cess Networks (ETSI-BRAN), Higher Performance
Local Area Network (HiperLAN-2), IEEE 802.11a,
Multimedia Mobile Access Communication Systems
(MMAC), the fourth generation broadband wireless
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systems that will perform multimedia transmission
to mobiles and portable PCS, for example, European
MEMO project and for IEEE 802.16. [4]

A typical OFDM transmitter is shown in Fig. 1(a).
A serial-to-parallel converter serially takes in the data
stream and forms a parallel stream which is then sent
to a mapper that outputs complex numbers. The map-
per could be PSK, QAM, DPSK, DAPSK etc. In-
verse fast Fourier transform (IFFT) is then applied to
the parallel stream of complex numbers that results
in orthogonal signals on the subchannels. In order to
mitigate the effects of IS, a guard interval is inserted
at the transmitter and is removed at the receiver. The
orthogonal signals are then converted back into a se-
rial stream, up converted to desired carrier frequency
and transmitted.
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Fig. 1. OFDM mansmitter and receiver

At the receiver (Fig.1(b)), the process described
above is reversed. The received signal is down con-
verted, passed through a serial-to-parallel converter,
a guard interval remover, an FFT block, a de-mapper
and finally a parallel-to-serial converter to eventually
obtain the transmitted data sequence. In the absence
of noise and fading, transmitted data is recovered
without errors.

While in the literaure OFDM-PSK, -QAM, -
DPSK and -DAPSK have been considered, a class
of OFDM-CPM signals that uses the concept of cor-
related phase states was recently introduced [5]. One
of the advantages of these signals is that it is possi-
ble to systernatically introduce correlation amongst
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adjacent symbols through an appropriate choice of
a parameter h' and permits multiple-symbol detec-

tion techniques [6]. The parameter h can be chosen *

10 obtain a wide variety of signal mapper constella-

tions. Furthermore, the correlation amongst OFDM [
symbols can be exploited in order to control bit error ¢

rate (BER). By choosing h rational and 0 < A < 1 it
is possible to have minimum number of points in the
mapper constellation. An investigation of BER per-
formance of these signals using optimum multiple-
symbol detection algorithm shows that OFDM-CPM
signals out perform OFDM-PSK signals over multi-
path fading channels. The design parameter h and the
manner in which symbols are correlated give rise to
a variety of signals such as single-h, multi-h, asym-
metric and partial-response OFDM-CPM signals.

Since OFDM is a potential candidate for indoor
wireless communications such as local area networks
within buildings, it is important to evaluate its per-
formance over measurement-based indoor wireless
channels. Also, since there are numerous system and
channel parameters that can affect BER in indoor
mobile communications, it is extremely difficult to
evaluate the performance using analytical techniques
alone. Moreover, due to the complexity and time-
varying nature of these indoor radio channels, it is
often too complicated to design and optimize the pa-
rameters by analysis. Thus, computer simulation be-
comes a viable tool in performance evaluation and
tradeoff analysis in the design of communication sys-
tems [7].

In this paper, we present performance of OFDM-
CPM signals over realistic indoor fading channels
using SIRCIM for various scenarios. In SIRCIM,
a number of parameters such as carrier frequency,
transmitter receiver separation, mobile speed etc.
can be varied and channel impulse responses gen-
erated for these situations. We investigate the
BER performance of OFDM-CPM signals by vary-
ing these parameters and highlight the configura-
tions that achieve good performance. We also de-
scribe in detail the simulation methodology for using
SIRCIM.

The paper is organized as follows. We begin with
a description of OFDM-CPM signals and their prop-
erties in Section II. Next, the CPM de-mapper for de-
tection of OFDM-CPM signals is described in Sec-
tion M. In Section IV, the simulator SIRCIM is de-
scribed. The channel impulse responses used in this
work are described in Section V. The simulation strat-
egy for using SIRCIM is presented in Section VI
while the simulation results of OFDM-CPM signals
over chosen indoor channels are presented in Section

1 In typical CPM signals h is modulation index
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Fig. 2 OFDM-CPM Transmitter and Channel

VIL. The paper is concluded in Section VIIL.

II. OFDM-CPM SIGNALING SCHEME

As shown in Fig. 2, serial bit stream b, 1
0,1,2,..., with bit duration of T} seconds is con-
verted into blocks of NV bits represented by agp,
k=012..,andp=0,1,2,...,N =1, where
N denotes the number of carriers and a;, = *1.
For example, ag, would denote the first block of N
bits and @, , the second block of NV bits and so on.
The CPM mappers transform the incoming a,p into
appropriate complex numbers c; , given by

ck,p = <08 (B1) + jsin (Oi5) ,

[¢))
with

k=1

8.‘,=a.',rh+rh2fl'.,+¢; 2

=0
where parameter h defines the CPM rhapper and ¢
represents the initial mapping point that is assumed
zero without loss of generality. The angles 8, , de-
pend not only on the curreat data but also on the past
data. Fig. 3 shows values of 8, , as a function of
time when h = §. Current value of 6 is determined
by adding +=h (if data bit is a +1) or —=h (if data
bit is a —1) to the previous value of #. The corre-
sponding complex numbers lie on a circle.

The complex numbers from the output of CPM
mappers are passed through pulse shaping filters
g(t), then modulated by orthogonal carriers and fi-
nally summed to give the ransmitted OFDM symbol
which is mathematicaily represented as

2(0) =3 3 cupg(t - KT ¥* 0t < 0

A
’ @
where

-T, $t<LT

4
t<-Tt>ir. @

o ={ 7
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"Fig. 3. Phase rellis for OFDM-CPM signaling

'InEq. (3), T(= NT) is the OFDM symbol duration,

T, is guard interval, T’ = T, + LT is the observa-
tion period and in Eq. (4) L = 1 for full response
signaling. Throughout the analysis that follows we
have assumed T, to be sufficient to remove ISI com-
pletely.

The parameters h and L can be chosen in various
ways giving rise to some of the following possible
OFDM-CPM signals.

"A. Single-h OFDM-CPM Signals
In this case, the value of h remains constant for all -

OFDM symbols. By choosing h to be rational and
0 < h < 1itis possible to have minimum number of
points in the CPM constellation. In Fig. 4 is shown
the constellation diagram of CPM mapper for h = 1
and h = %

‘m . n
[ [}
° K}
») ®)
7&‘. Coastellation diagram of CPM mapper for (a) A = 0.5
and (D) A = 0.25
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' B. Multi-h OFDM-CPM Signals
The value of h is cyclically chosen from a set of K
values. That is, the value of h employed during the
ith symbol is given by A, { = i modulo K [8].
For example, the complex numbers of a 4-carrier
OFDM-CPM signal with H; = {}, 1} for first two
blocks of data sequences are shown below (assuming

initial mapping points to be 1 + j0):
[akpre+15] = [cap, Ch18] s
4ol 4 ik
+1 41 +j —p+ide
-1 4 R
+1 -1 +j L
: . VITIA

" C. Asymmetric OFDM-CPM Signals

While in multi-h OFDM-CPM signals h values are
independent of data bits a »(= %1), in asymmetric
multi-h signals h is made a function of a; . That
is, the value of h during the ith symbol interval is
chosen hy; or h_; accordingly as datais a +1 or -1
respectively. This gives additional fiexibility to the
designers to optimize system performance.

D. Fartial Response OFDM-CPM Signals

In Eq. (4), by making L > 1 the pulse duration
can be extended to more than one OFDM symbol.
Using a value of L = 2, 3,... systematic correlation
can be furthered amongst OFDM symbols which in
turn can be exploited for improvement in system per-
formance.

III. DETECTION OF OFDM-CPM SIGNALS

A. The CPM De-mapper

A typical OFDM receiver is shown in Fig. 1(b).
In this figure, the de-mapper is a decision device that
decides what data most likely would have been trans-
mitted.
* Following the approach presented in [9], we de-
sign a CPM de-mapper for the recovery of transmit-
ted data sequence. The de-mapper observes n com-
plex numbers at the output of FFT and arrives at an
optimum estimate of the data transmitted during the
first bit interval. Let C, be a vector that represents
the received sequence of complex numbers at the out-
put of FFT for pth carrier and an observation interval
of n symbols. This vector is given by,

ép = [C‘o,p, El,pv “eey En—l,p]r
This vector can also be modeled as,
C,=Cu+n ®
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where n = [n;,n,,... ,n,,]T represents a vector of
n samples of complex Gaussian noise with a double-

sided power spectral density of %& The vector _

Cu = [ca,cl,c:,...,c,‘_ljr is a sequence of com-
plex numbers that corresponds to a transmitted data
sequence [ao,al,ag,...,an_l]r where a; = *1
and the sequence a; to @n-) (denoted by the sub-
script A) represents one of the 2~ possible data se-
quences that would have been transmitted along with
ao. The detection problem is to observe C, and ar-
rive at an optimum estimate of ag. This is a com-
posite hypothesis testing problem stated below [10],
[11].

Ho :
H]_ :

where C}! represents known sequence of complex
numbers with first bit being a +1 and C3? with first
bit being a —1. The solution to this problem is the
likelihood ratio test (LRT) which can be expressed
as,

C,=Cil +n

6, = C;l +n, ©®

[ 2 (C5lHo, 4) p(4)d4
l=4 )
T (C,[HI,A) p(A)dA
A
“where,
A = a,6,...,80) ® -
[t = [ [ [ dnion tors
A a1 a3 Gne-1
p(4) = pla1)p(as)...p(an_1) (10)
Pe) = 6(-1+3@+1. an

Substituting (8)~(11) in (7), it can be shown that the
likelihood ratio can be written as,

£ o [ire {1178, }]

_ =l

,-‘i exp [#Re {C31°C, }]

, 12

“where m = 2n-1, A; is the jth of the 2"~ possi-
ble tuples of A and C# = CT". The corresponding
receiver structure is shown in Fig. 5.

B. Recovery of Transmitted Data

After removing the guard interval, the received
signal can be modeled as,

~(t) z(t) = h(t) + n(t) }
3(t) +n(t)
kT' <t <kT' +nT,
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Fig.5. CPM De-mapper

where h(t) is the channel impulse response, n(t) is
AWGN with a double sided power spectral density of
e and * denotes convolution.

As shown in Fig. 1(b), the received signal r(t)
passes through several blocks before arriving at the
de-mapper. For the detection of OFDM-CPM sig-
nals, this de-mapper is nothing but the receiver de-
signed in the previous subsection. The de-mapper
observes the vector C, and arrives at an estimate of
data bit aq.

The CPM de-mapper multiplies the incoming vec-
tor C, with all C3'", takes the real part, multiplies
the result with 1/N,,, takes the exponential, adds all
the resulting signals that come from C%'" and the
ones that come from C;*” and takes the difference.
If the difference is positive, it decides a +1 was trans-
mitted else it decides in favor of 2 —1. For high SNR
approximation of this de-mapper [9], [12], the perfor-
mance can be upper bounded. This receiver at high
SNR is thus given by,

o - )
Zexp (NioJﬂ_,-) ~ exp (Elﬁ) (13)

=1
“where, ) .
W ]
Jus=Re{CH"E}  ae
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“and

Je =max {Jg14:7 =0,1,...,m=1}. (15)

Since the function exp(.) is monotonic, Jx; is an
equivalent test parameter suggesting that the corre-
sponding suboptimum receiver should compute all
Jx1,; and produce a decision depending on the
largest of these. In all our simulations we have used
the high SNR approximation of the CPM de-mapper.

IV. SIRCIM CHANNEL SIMULATOR

SIRCIM stands for Simulation of Indoor Radio
Channel Impulse response Models and it was first
developed by researchers at Virginia Tech’s Mobile
and Portable Radio Research Group (MPRG) [13].
SIRCIM is an indoor UHF multipath radio channel
software simulator that runs on a PC in conjunction
with Matlab. It was designed from over 50,000 wide-
band and narrowband measurements from many dif-
ferent buildings. By providing accurate large-scaie
and small-scale propagation fading data, SIRCIM
can be used to study bit error rates, channel access,
handoff, co-channel interference, equalization, diver-
sity, and modulation performance in frequency-flat
and frequency-selective fading in building environ-
ments. SIRCIM recreates the statistics of measured
wideband and narrowband impulse responses in both
line of sight (LOS) and obstructed sight (OBS) to-
pographies. LOS represent typical situations where
a line of sight between transmitter and receiver ex-
ists while OBS represents situations where there is
no line of sight. SIRCIM generates 19 complex im-
pulse responses spaced A/4 apart for a moving re-
ceiver along a 4.5 track [14]. Statistical models for
the number of multipath components, the variation
of the muitipath components, the amplitudes, phases
and fading statistics of individual multipath compo-
nents, and the excess delays are all based on mea-
surements reported in [15]-{17].

The channel simulator also allows the user to spec-
ify the carrier frequency between 400 MHz and 60
GHz. Description of algorithms used to generate the
time-varying multipath channel impulse responses
are given in [18]. Additonally, the algorithm used
to coastruct the phases of each multipath component
is described in {13], [19].

Also included in SIRCIM is a continuous wave
(CW) fading simulator. Wideband impulse responses
overa 4., 10, 20, 40, or 80 wavelength track may be
collapsed to generate an equivalent CW spatial fad-
ing signal over the exact same local area. In order
1o create the spatially varying CW fading signal, the
particular wideband multipath delays and angels of
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arrival are used to create the spatially varying CW
fading signal.

Wideband and narrowband channel impulse re-
sponses can be created in SIRCIM for open plan,
hard-partitioned, and soft-partitioned buildings for
LOS or OBS topographies. Details of these models
are described in the following.

~ A. Open Plan Buildings

An open plan building environment describes
buildings such as factories, warehouses and indoor
sports arenas that have large open areas with a few
large obstructions at irregular locations within the
building. These obstructions are often large, stand-
alone objects, such as large machines or equip-
ment racks, which do not span from floor to ceil-
ing {13]. SIRCIM creates wideband impulse re-
sponses in quarter wavelength increments over local
areas where the complex baseband discrete impulse
responses are given by

63
ho(t,m) =) awe®s(t~n)  (16)
k=0

where the power of the multipath components a}, the
time delays 7;, and the phase of each multipath com-
ponent §; are generated by SIRCIM. The angle of
arrival for each muitipath components is also gener-
ated and used in the computation of phase.

Many of the core models used in SIRCIM are for
the case of a stationary transmitter and a mobile re-
ceiver located on the same floor within a building.
In compiling the empirical database, the receiver was
placed at several locations throughout different open
plan buildings. At each location, the receiver was
moved in a local area along a straight path called a
track.

Along each 4.5 track, multipath power delay pro-
files were recorded with a 7.8 ns probing pulse at 19
locations separated by A/4. The simulator recreates
power delay profiles at A/4 separations along simu-
lated tracks located a various transmitter-receiver (T-
R) separations throughout several different open plan
buildings. These tracks differ in length depending on
the carrier frequency and the user’s selection of the
number of wavelengths per track.

B. Hard and Soft Partitioned Buildings

A typical multi-story office building with many in-
ternal partitions constructed of reinforced concrete or
drywall supported by metal studs spaced 16 inches
apart describes a hard partitioned building. Corridors
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are typically six to ten feet wide. Walls which par-
tition the offices from corridors are constructed from
the floor to the ceiling.

Soft partitioned building describes a typical multi-
story office building with large open areas that are
partitioned into office cubicles by 5-foot-high mov-
able cloth covered plastic dividers.

The wideband impulse responses for soft and hard
partitioned buildings are generated in the same man-
ner as the wideband impulse responses for open plan
buildings while accounting for the specific surround-
ings.

V. THE CHANNEL MODELS

Wideband impulse response of channel models
used in this paper are shown in Figs. 6 and 7 for
open plan building. Corresponding narrowband CW
impulse responses are shown in Figs. 8 and 9. These
plots show channel characteristics at the measure-
ment location seen by a mobile user as it moves along
a short track at a specified velocity. The T-R sep-
aration is assumed to be 25 m and the mobile user
is assumed to be walking at a speed of 1 m/s for all
simulations. The SIRCIM simulator assumes that the
scatterers are aligned along aisles located to each side
of the transmitter, and the width between these aisles
is chosen to be 7 m for this work.

The simulator produces 19 spatially-varying

complex impulse responses spaced by quarter-
wavelength increments for a chosen carrier frequency
which is 2600 MHz for this work. This carrier fre-
quency implies that the length of 4.5 track is 0.5192
m. For each complex impulse response, excess delay
is 500 ns with a sampling interval of 7.8125 ns which
corresponds to 64 multipaths for each of the 19 loca-
tions.
Comparing Figs. 6 and 7, it is observed that for
LOS topography where there is a strong line-of-sight,
most of the channel power is concentrated in the
first few multipaths while for OBS topography where
there is no line-of-sight, high power multipaths can
be seen even after 200 ns. Corresponding narrow-
band CW impulse response for LOS topography in
Fig. 8 shows only one strong dip in signal level
that goes down to -11 dB. While the CW impulse re-
sponse for OBS topography in Fig. 9 shows several
such dips which go down to -19 dB.

Wideband impulse responses for LOS and OBS to-
pographies for hard partitioned buildings are shown
in Figs 10 and 11 respectively. Comresponding nar-
rowband CW impulse responses are shown in Figs.
12 and 13. Similarly, for soft partitioned buildings,
the impulse responses are shown in Figs. 14-17.
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Fig- 7. Wideband impulse response for OBS channel in an open
plan building

Next section describes simulation methodology
that has been used to compute bit error rates using
the channel models presented in this section.

VI. SIMULATION METHODOLOGY

A. Simulation Using Wideband Impulse Response

SIRCIM generates 19 profiles for a track length of
4.5). By using cubic spline interpolation on the am-
plitudes and phases of each multipath delay bin over
space, hundreds of interpolated impulse responses
between the primary profiles can be generated. The
number of impulse responses to be generated using
interpolation is a function of number of data symbols
sent during simulation and the mobile velocity [7).
For example, if the data rate is 4 Mbps, carrier fre-
quency 2600 MHz and mobile velocity is 1 m/s then
the mobile user will take approximately 0.5 seconds
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to cover a 4.5 track. Number of data bits that will be
sent during this time is 2,000,000. By assuming the
channel to be stationary during the transmission of
hundreds of bits (for a high data rate and slow moving
receiver), number of interpolated impulse responses
can be determined.

Since in most of the cases, the time delay of the
channel will not match the data sampling time de-
noted by T, the time delay bins of each impulse re-
sponse profile must be decimated into larger time de-
lay bins of time period T, to facilitate convolution.
Assuming that the channel is static over T, all mul-
tipath components within T, are vectorially summed
to form a new multipath component. The number of
multipaths are thus reduced and can be determined
by dividing the maximum excess delay of the chan-
nel by the sampling period T,.

The resulting multipath components can now be
convolved with the transmitting data at each location
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Fig. 11. Wideband impulse response for OBS channel in a hard
partitioned building build:

using the following expression,
y(kT.) = z(kT,) = hu(ET.) an

where z(kT,) is the transmitted signal sampled at
kT,, hy(kT,) is the sampled version of channel im-
pulse response after decimation and y(kT, ) is the re-
sultant signal after convolution.

B. Simulation Using Narrowband Impulse Response
This represents a flat fading channel where each

data sample is multiplied by a complex quantity as
shown below.

y(kT,) = a(kT,)z(kT,) (18)
where o is a complex multiplicative factor [20]. Let,

a=K8 (19
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where K is a gain constant and {3 is a random variable
with the probability distribution equal to the proba-
bility distribution of a particular CW channel used as
a flat fading channel. By finding K such that

E{|af’} =1

the average energy per bit E, in a particular simu-
lated channel can be fixed [14].

In the case of flat fading channels, SIRCIM gives
its user the option of choosing the number of inter-
polated profiles between each pair of A/4 separated
profiles. SIRCIM interpolates the amplitudes of fad-
ing components between consecutive profiles to sim-
ulate measurements at smaller spatial spacings and
hence creates a large number of CW fading results.

VII. NUMERICAL RESULTS
In this section, we present BER performance of
OFDM-CPM signals using the channel models de-
scribed in previous sections. The parameters used
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for simulation are as follows. Information rate is
assumed 3.2 Mbps, carrier frequency is 2600 MHz,
number of carriers are 32, guard interval is 8 ps and
L = 1in (4). These parameters require that approxi-
mately 1,600,000 bits be sent in 0.5 seconds in order
to cover the 4.5 track.

We investigated some of the rational values of h
and observed that those values of h that are closer
to 0 or 1 tend to give a high BER while those in the
vicinity of 0.4 and 0.6 perform better. This is to be
expected because a value of h = 4/5 will result in
constellation points that are closer to each other as
compared to the ones that result for b = 4/7. In the
latter case, it will be easier for the receiver to distin-
guish between adjacent signal points. Therefore, we
chose some representative values of h to demonstrate
the potential of OFDM-CPM signals.
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A. Performance in Open Plan Buildings

1) Frequency-selective fading: Figure 18 shows
a plot of BER versus SNR as a function of h for an
OFDM-CPM system in an open plan building with
line-of-sight. Impulse response of the channel used
in this simulation is shown in Fig. 6. It is noted that
h = 4/T performs better than h = 1/2,4/5 for two
symbol intervals. The performance for h = 4/7 im-
proves further when observation length is increased
to 3. This is because the receiver now has more infor-
mation to take a decision. However, we observe no
appreciable improvement in performance when ob-
servation length is increased for other values of h and
hence is not shown in the figure.

A plot of BER versus SNR as a function of h for
an OFDM-CPM system in an open plan building is
shown in Fig. 19 for an OBS topography. Corre-
sponding channel impulse response is shown in Fig.
7. Since there is no line-of-sight, system perfor-
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[} 10 2 0 40 50 80
SNR (aB)

Fig. 18. BER as a function of SNR for various values of h with
N = 32 for an open plan building and LOS topography

mance is inferior to what was shown in Fig. 18.
However, h = 4/7 with an observation leagth of 3
symbols out performs h = 1/2,4/5 and h = 4/7

withn = 2.

10—
i = - hadl.n=2

[ - had/T,n=3

- h=dS,n=2 l

o= h=i2.ns=2

107k

0 0 22 30 0 50 L
SNR (¢8)

Fig 19. BER as a function of SNR for various values of h with
N = 32 for an open plan building and OBS topography

2) Flar fading: Figure 20 shows a plot of BER
versus SNR as a function of h for an OFDM-CPM
system in an open plan building with line-of-sight.
Impulse response of the channel used in this simu-
lation is shown in Fig. 8. It is noted that h = 4/7
performs better than h = 1/2,4/5 for two sym-
bol intervals. The performance for A = 4/7 im-
proves further when observation length is increased
to 3. However, for SNR values greater than 45 dB,
h = 4/7 with an observation length of 2 symbols
out performs h = 4/7 with n = 3. Such a behavior
is observed due to the fact that for low SNR values,
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Gaussian noise dominates signal distortion and there-
fore n = 3 performs better than n = 2. As SNR in-
creases, fading takes over and most of the errors are
due to multiplicative distortion. Having longer ob-
servation interval also means that more fading enters
into the system and the advantage of observing the
received signal for a longer period is lost. Therefore,
for high SNR values, h = 4/7 with n = 2 gives the
best error performance.
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Fig. 20. BER as a function of SNR for various values of h with
N = 32 for an open plan building, LOS topography and fat fad-
ing

BER performance of an OFDM-CPM system in an
open plan building without a line-of-sight is shown
in Fig. 21. Corresponding channel impulse response
is shown in Fig. 9. Although, overall BER perfor-
mance in this case is inferior to the one shown in Fig.
20, BER of OFDM-CPM system with h = 4/7 and
an observation interval of 3 symbols is substantially
superior to the other h values. Furthermore, h = 4/7
with n = 2 out performs h = 4/7 with n = 3 only
beyond 55 dB SNR.

B. Performance in Hard Partitioned Buildings

1) Frequency-selective fading: Figure 22 shows
a plot of BER versus SNR as a function of h for an
OFDM-CPM system in a hard partitioned building
with line-of-sight Impulse response of the channel
used in this simulation is shown in Fig. 10. It is
noted that the overall BER performance is inferior to
that of open plan building and h = 4/7 with an ob-
servation length of 3 symbols achieves the best BER
performance.

A plot of BER versus SNR as a function of h for
an OFDM-CPM system in a hard partitioned build-
ing is shown in Fig. 23 for an OBS topography.
Corresponding channel impulse response is shown in
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Fig. 2. BER as a function of SNR for various values of h with
N = 32 for a hard partitioned building and LOS topography

Fig. 11. Since there is no line-of-sight, system per-
formance is inferior to what was shown in Fig. 22.
However, h = 4/7 with an observation length of 3
symbols out performs h = 1/2,4/5 and h = 4/7
with n = 2. Furthermore, h = 4/5 and h = 1/2
achieve nearly the same BER performance. It is
observed that beyond 70 dB SNR, performance of
h = 1/2,4/5and h = 4/7 is nearly the same for
an observation length of 2 symbols.

2) Flat fading: Figure 24 shows a plot of BER
versus SNR as a function of k for an OFDM-CPM
system in a hard partitioned building with line-of-
sight. Impulse response of the channel used in this
simulation is shown in Fig. 12. It is noted that for
SNR greater than 55 dB, h = 4/7 with n = 2 out
performs h = 4/7 and n = 3. For SNR values be-
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Fig. 23. BER as a function of SNR for various values of h with
N = 32 for a hard partitioned building and OBS topography

tween 30 dB and 50 dB, an OFDM-CPM system with
h = 4/7 and n = 3 achieves the best BER perfor-
mance.
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Fig. 24. BER as a function of SNR for various values of h with
N = 32 for a hard partiti building, LOS wpography and fat
fading

BER performance of an OFDM-CPM system in
a hard partitioned building without a line-of-sight is
shown in Fig. 25. Corresponding channel impulse re-
sponse is shown in Fig. 13. It is noted that h = 4/7
withn = 3 achieves almost the same performance as
was observed for the case of line-of-sight. Further-
more, the performance of h = 4/7and h = 1/2 with
n = 2 has deteriorated especially for SNR values be-
tween 30 dB and 50 dB.

C. Performance in Soft Partitioned Buildings
1) Frequency-selective fading: BER perfor-
mance of an OFDM-CPM system in a soft parti-
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Fig. 25. BER as a functon of SNR for various values of h with
N = 32 for a hard partitioned building, OBS topography and flat
fading

tioned building with line-of-sight is shown in Fig. 26.
Corresponding channe] impulse response is shown in
Fig. 14. It is observed that the BER performance of
the system is similar to the performance in a hard par-
titioned building. In this case, h = 4/T withn =3
achieves the best BER performance until around 80
dB SNR. Moreover, h = 1/2 and h = 4/7 with an
observation interval of 2 symbols achieve nearly the
same performance beyond an SNR of 80 dB.

b

;l 40 80 100
SNR (dB)

Fig. 26. BER as a function of SNR for various values of A with
N = 32 for a soft partitioned building and LOS hy

PSSP

Figure 27 shows a plot of BER versus SNR as a
function of h for an OFDM-CPM system in a soft
partitioned building without line-of-sight. Impulse
response of the channel used in this simulation is
shown in Fig. 15. Since there is no line-of-sight,
system performance is inferior to what was shown in
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Fig. 26. Also, h = 4/7 with an observation leagth

of 3 symbols is marginally superiorto h = 1/2,4/5
and h = 4/T withn = 2.

——
- hadT N2

shown in Fig. 29. Corresponding channel impulse
response is shown in Fig. 17. Although, overall BER
performance has marginally deteriorated, h = 4/5
out performs A = 1/2 in this case. Furthermore,
h = 4/7 with n = 2 out performs h = 4/7 with

-~ N4 ne3 n = 3 beyond 50 dB SNR.
-8 h=45ne2
o hei2n=2] W

Fig. 27. BER as a function of SNR for various values of h with
N = 32 for a soft partitioned building and OBS wpography

2) Flat fading: Figure 28 shows a plot of BER
versus SNR as a function of h for an OFDM-CPM
system in a soft partitioned building with line-of-
sight. Impulse response of the channel used in this
simulation is shown in Fig. 16. It is noted that the
BER performance of h = 4/7 with n = 3 is far su-
perior to other 4 values considered. Moreover, for an
observation length of 2 symbols, the performance of
h = 4/7 and h = 1/2 becomes nearly the same for
SNR values greater than 40 dB.

Fig. 28. BER as a function of SNR for various values of h with
N = 32 for a soft partitioned building, LOS wpography and flat

BER performance of an OFDM-CPM system in
a soft partitioned building without a line-of-sight is
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Fig. 29. BER as a function of SNR for various values of h with
N = 32 for a soft pantiticoed building, OBS topography and fiat

VIII. CONCLUSIONS

BER performance of uncoded OFDM-CPM sig-
pals was presented over mobile indoor radio chan-
nels. It was shown that OFDM-CPM is a promising
signaling scheme for indoor fading channels. Vari-
ous values of the design parameter h were used with
varying lengths of observation intervals. Amongst
the considered values, h = 4/7 with an observation
length of 3 symbols achieved the best BER perfor-
mance. However, for very high SNR values, h = 4/7
with an observation length of 2 symbols would per-
form better; especially for open plan buildings and/or
flat fading channels. It was also observed that A =
1/2 performs better for topographies where there is
a strong line-of-sight rather than those where there is
no line-of-sight.

Computation of optimum values of h and obser-
vation interval n that would optimize BER perfor-
mance of an OFDM-CPM system remains to be in-
vestigated. This would require development of ana-
lytical expressions for BER and application of some
optimization algorithms in order to find optimum or
suboptimum values of h and n that would give mini-
mum error rate.

In order to reduce receiver complexity, Viterbi de-
coders can be employed for detection of OFDM-
CPM signals. This can be easily implemented when
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h is chosen as the ratio of two integers, p and g. Then
the Viterbi decoder has to keep track of either g states
if p is even or 2q states if p is odd.
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