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Ahtract- In this paper the well known Orthogonal 
Requency Division Multiplexing (OFDM) multicarrier 
transmission technique will be tailored lor a broadband 
cellular mobile communications system. A performance 
analysis m multipath Lding radio hannels will be pre- 
sented and the average bit error rete (BER) will be cal- 
culated m dependence of the dgnal-to-noise ratio %r 
bed urban and hilly terrain channel models, following 
the COST-207 =port [l]. Pros and cons lor OFDM and 
Code Division Multiple Access (CDMA) techniques will 
be discussed on the h i s  of system robustness, receiver 
complexity and bandwidth efficiency. 

I. INTRODUCTION 

Two candidates for a broadband mobile transmission 
technique are Direct Sequence (DS) CDMA [2], [3], [4] 
and Frequency Hopping (FH)-CDMA [5] with powerful 
channel coding. The aim of this paper is to combine 
the advantages of DS-CDMA and FH-CDMA with the 
OFDM technique. 

The capacity of a DS-CDMA system with RAKE- 
receiver [2], [3] or joint detection procedure [4] is limited 
by multiuser interference. A channel estimation, equal- 
ization and power-control procedure is a necessary part 
of the DS-CDMA system which has large impact on 
the receiver complexity. In FH-CDMA systems [5], [SI 

narrowband receiver technique is used, but the carrier 
hops in a large bandwidth using frequency allocation 
techniques with orthogonal codes. In this case the re- 
ceiver must be synchronized to the hopping carrier fie- 
quency using a precise synchronization technique. No 
channel estimation and equalization techniques have to 
be performed compared with DS-CDMA systems, but 
the impact of occuring multipath leads to Wing  effects 
in the received signals. Therefore, a powerful channel 
coding is employed. 

A multicarrier transmission technique can be used 
alternatively b r  broadband communications and could 
be interpreted as a compromise between the two con- 
cerned CDMA proposals. In th is  case no powerful syn- 
chronization as in FH-CDMA and no channel estima- 
tion and equalization as in DS-CDMA is necessary. The 
signal processing complexity in the receiver is mainly 
determined by an FFT. Additionally, the bandwidth 
ac i ency  is very high and a variable data rate can be 
allocated for each user in the OFDM system quite sim- 

ple. 
The mobile radio channel suffers from multipath 

propagation and time variance depending on the ve- 
hicle speed. In this paper the robustness of the OFDM 
system will be studied in fiequency-selective mobile ra- 
dio channels, following the COST-207 report [l]. 

11. %E OFDM TRANSMISSION SYSTEM 

The advantages of OFDM, for example bandwidth ef- 
ficiency, are well known fiom the Digital Audio Broad- 
cast (DAB) project [7]. 

A .  Orthogonal f iquency Davision Multiplezing 

The total bandwidth B is divided in an OFDM 
system into K subbands with orthogonal subcarriers. 
Fig. 1 shows the digital units of the transmitter and re- 
ceiver in a downlink OFDM transmission system. The 
input bit sequence with a high data rate D is divided 
into K parallel information sequences with data rate 
DS = D / K .  Each sequence leads to a narrowband 
signal and modulates one of K subcarriers, with fre- 
quency fk for the k t h  subcarrier: 

1 K K 
Tu 2 

fk = k - = kAf where - - + 1 5  k 5 (1) 
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Fig. 1. Block diagram of a Qwnlink OFDM system 

The dective symbol interval length is described by 
Tu and in case of orthogonality the subcarrier band- 
width is Af = l/Tu which is an important design pa- 
rameter of the OFDM system sensitive to the Doppler 
spread of a mobile radio channel. 

The dective symbol interval Tu is extended in the 
transmitter by a so-called guard interval of length TG, 
which is the periodical extension of the signal, see 

Fig. 2. The resulting symbol duration is in this case 
T = Tu + TG. If the guard interval TG is longer than 
the maximum channel delay, all subcarrier are still mu- 
tually orthogonal inside the observation time interval 
Tu. After a block-synchronization process the received 
signal is multiplied by a rectangular window of length 
Tu which eliminates the transition interval in each sym- 
bol block. The resulting K complex sampling values in 
the time interval of length Tu are transformed into the 
fiequency domain using an FFT. This yields directly to 
the complex symbols R,?k of the received signals. 

Each subcarrier signal is modulated by discrete com- 
plex symbols C;,k which are transferred fiom the fie- 
quency into the time domain using a K-IFFT. The com- 
plex variable C,,k modulates the b t h  subcarrier with 
fiequency f k  in the time interval with index i. 

The complex time signal of the b t h  subcarrier in the 

m v v  v w  
time_ 

Fig. 2. Components of the OFDM signal 

w , w , w  w w w 
L-l/T,J frequency 

Fig. 3. Spectrum overlapping for 3 subcarrier 

time interval with index i, (2-1/2).T 5 t < (a+1/2).T 
can be described analytically by: 

All subcarriers are mutually orthogonal inside a spe- 
cific time interval of length Tu. Fig. 2 shows the imagi- 
MIY part of the complex time signal for some subcarri- 
ers during a symbol duration T = TG +Tu including the 
guard interval. The spectrum h r  each subcarrier has a 
sin(z)/(z) fbrm (Fig. 3) due to the rectangular pulse 
shaping of length Tu in the receiver. 

The transmitted OFDM baseband signal s(t) has a 

non-constant envelope and is the sum of K parallel sub- 
carrier signals (2): 

K T 

k- 00 k=- K +I -z 

A time discrete version of the OFDM transmission 
signal s ( t )  in (3) will be generated directly by using an 
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IFFT in each time interval whereby the added guard 
interval represents a periodical extension of the complex 
IFFT output signal. 

B. Subcarrier allocation in a Cellular Network 

In the downlink case each mobile station receives the 
total bandwidth B = K Af and processes this band- 
width digitally in the FFT unit. But only a single or a 
small subset d all subcarriers are allocated to a specific 
mobile station and wi l l  be evaluated in the demodula- 
tion process at the FFT-output, see Fig. 1. In the case 
of variable user data rate more than a single subcar- 
rier can be allocated simultaneously to a single mobile 
station. 

A mobile cellular network may be based on a cluster 
of seven regular cells h r  example. In a first step it is 
assumed that a fixed disjunct subset L, of the total 
number K of subcarriers is allocated to each cell. But 
a dynamic subcarrier allocation is also possible. 

In the uplink case each mobile station transmits a 

single or a small subset of all possible subcarriers. 
Due to multipath propagation and resulting fiequency- 
selective iding inside the total bandwidth a subcarrier 
hopping technique will be used in the uplink case also. 

The time interval m which a unique subcarrier alloca- 
tion will be used can cover some symbol blocks. 

C. Su bcarrier Hopping 

The mobile radio channel in the up- and downlink has 
a fiequency-selective behaviour inside the total band- 
width and each subcarrier represents a narrowband sig- 

nal. A mobile user wil l  be allocated statistically on a 
non-attenuated subcarrier, which leads to low BER and 
vice versa. The subcarrier allocation b r  each user is 
therefore changed synchronously inside a cluster and/or 
a single cell using a subcarrier hopping technique which 
can be implemented digitally, see Fig. 1. The system be- 
haviour in this case is comparable with the FH-CDMA 
technique but the bandwidth efficiency is much higher 
and the synchronisation elfort is much lower in the 
OFDM case. FH-CDMA needs a fast and powerful car- 
rier synchronization while OFDM has a k e d  fiequency 
but fast changing subcarriers 601 each user. 

D. Absolute Modulation and Demodulation 

For absolute modulation the complex symbol C , , k  

(e.g. PSK) describes the transmitted information of the 
subcarrier k in the time interval with index i. The in- 
fluence of the radio channel behaviour to the complex 
symbol C ; , k  is described by the complex transfer bctor 
H ; , k  for the subcarrier k as the single subcarriers are 
narrowband. The FFT output signal &$ in the OFDM 
receiver can be described for the kith subcarrier by the 
following equation: 

In the case of absolute modulation an estimation of the 
transfer factor &,k is necessary for each subcarrier. The 
fiequency response of the OFDM transmission tech- 
nique will be measured periodically, for example, by 
transmitting well defined symbols on each subcarrier. 
The transfer factor estimated in the time interval i- A 
will be described by & - A $ .  In the demodulation pro- 
cess the received complex signal &,k d l  be normalized 
by the estimated transfer i c t o r  g ; - A , k :  

If the transfer factor estimation is quite accurate, that 
means H , , k  x H ; - A , k ,  the demodulation process and 
the above equation can be simplified to the following 
result: 

- 

As the transfer bctor of the channel is time variant, 
the estimation procedure must be continued periodi- 
cally which reduces the user data rate. 

E. DiffeRntial Modulation and Demodulation 

In case of a differential modulation technique, the 
complex symbol C i , k  depends on the &nary input and 
also on the symbol C ; - l , k ,  which has been transmitted 
on the same subcarrier but in the previous time interval: 

The binary input signal is directly mapped to the vari- 
able G ; , k  which represents the relative phase and/or 
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amplitude shifts to the previous symbol C ; , , k .  The re- 

ceived signal on subcarrier k has been interfered by the 
radio channel which is described in accordance with (4). 
In the demodulation process each received symbol &,k 
at the FFT output will be normalized by the complex 
symbol & - I , $  &om the previous time interval and the 
same subcarrier. 

( 8 )  
&,k - c i , k  H i , k  ---.- 

R - l , k  C ; - l , k  Hi-i,k 

If the channel behaviour is nearly stationary in a two 
symbol time interval at least (which means H ; , k  zz 

H i  - 1, k ): 

the demodulation result is ideal. 
In this case, no channel-estimation procedure is nec- 

essary and the demodulation process is quite robust 
against time variant channels. From a technical point 
of view the demodulation method is quite simple. 

111. SIMULATION RESULTS AND SYSTEM 

CAPACITY FOR A MOBILE CELLULAR 

COMMUNICATIONS SYSTEM 

We consider an example of a downlink transmission 
system with an effective symbol duration of 

T - - = 1 2 0 ~ s  , Af = 8.33kHz 
1 

- Af 

The total bandwidth of the multicarrier transmission 
&stem in the case of K=128 subcarriers is: 

B = K I  zz 1.06MHz 
TU 

In the COST-207 mport [l] the maximum relative 
propagation delay is specified for the channel model 
Hilly Terrain by 2Ops. The guard interval length is 
therefore used in this example as follows: 

TG 2Ops 

A DQPSK Modulation (m=2 bits/symbol) is consid- 
ered which leads to a total bit rate for the K subcarriers 
O f  

1 D = m K  ___ zz 1.83MbitIs 
Tu + TG 

Bad Urban 
O n  

30 
0 5 10 t m p a  

-20i \ I \ 

Fig. 4. Bad Urban (defined for O p  5 T 5 10 p )  and 

Hilly Terrain Channel Model 

The bandwidth efficiency in this example has a perfor- 
mance figure of 1.7 bit/s/Hz. A ingle subcarrier trans- 
mits a bit rate Ds of: 

1 
Tu -t TG 

Ds = m- x 14.3kbitIs 

In the simulation program the OFDM signal k con- 
sidered in a channel with a power delay spectrum fol- 
lowing Bad Urban and Hilly Terrain models (Fig. 4) 
and with additive white Gaussian Noise (AWGN). The 
Doppler Spectrum is in accordance with the Jakes Spec- 
trum for a 1.8 GHz fiequency domain. 

Fig. 5 shows the resulting BER for an uncoded down- 
link signal in the Bad Urban model with vehicle speed 
between 0 and 60 h / h .  As a reference the BER in a 

pure AWGN channel is also given m Fig. 5. 

An increasing vehicle speed leads to an increasing 
time variance of the mobile channel. But even in a Hilly 
Terrain model and vehicle speed between 0 and 150 
km/h the BER has only a small increase, see Fig. 6, 
compared with Fig. 5 which shows the robust behaviour 
of the OFDM system. If the vehicle speed is 0 h / h ,  the 
performance is equivalent with a DQPSK modulation 
in a Rayleigh hding channel [6]. 

1648 

Authorized licensed use limited to: Sterne Kessler Goldstein Fox. Downloaded on September 15,2022 at 16:22:26 UTC from IEEE Xplore.  Restrictions apply. 

Ford Motor Co. 
Exhibit 1031 

Page 004



1 

1 

1 U' 

1 U' 

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 
- Bod Urbon. v= 0 km/h 
- - Bod Urbon. v=20 km/h 
- Bod Urban. "-40 km/h 

Bod Urbon. v-60 km/h 
- Curve 1: OPPSK. AWCN-Chonnsl 

Eb/No in dB- 

Fig. 5. Bad Urban dIannd: BER versus &/No 
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Fig. 6. Hilly Terrain dIannel: BER versus &/No 

W .  CONCLUSIONS 

In this paper an OFDM multicarrier transmission 
technique has been tailored for the downlink of a mobile 
communication system. The advantage of this broad- 
band system is the high bandwidth efficiency, the ro- 
bustness against time variant radio channel, usage of 
variable user data rates and the low receiver complex- 
ity resulting in a simple receiver structure with FFT 
and channel coding devise. In the case d a differential 
modulation technique, no information about the radio 
channel behaviour is needed in the mobile receiver. 

The comparison between OFDM and FH-CDMA 

technique shows much higher bandwidth a c i e n c y  and 
less receiver complexity due to digital realisation of sub- 
carrier hopping technique. The OFDM receiver com- 
plexity is also small compared with a DS-CDMA re- 
ceiver technique. The well known drawback of an 
OFDM transmitter is the sensitivity against non-linear 
effects in the power amplifier which violates the orthog- 
onality condition. In the downlink case more effort can 
be spent to the linearity of the power amplifer in the 
base station. But in the uplink case the mobile station 
transmits only a single or a very small subset of all pos- 
sible subcarrier. Therefore, the amplitude fluctuation in 
the transmit signal can be assumed to be very small un- 

der these assumptions and no strong requirements are 
necessary for the power amplifier linearity in the mobile 
station. 

The BER results are given in this paper for uncoded 
signal cases which are comparable with the BER results 
of a DQPSK modulation m a Rayleigh fading channel. 
The average duration d a single fide can be reduced 
by implementing a subcarrier hopping technique. Ad- 
ditionally the OFDM transmission method should be 
used in combination with a powerful channel coding 
technique which decreases the BER significantly. 
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