System-Level Performance of Spread Spectrum-
Based Add-on Service Overlaid onto the Existing
Terrestrial Digital Multimedia Broadcast Band

We consider an overlaid broadcast service, where a
spread spectrum (SS)-based broadcast signal is overlaid
onto the existing terrestrial Digital Multimedia
Broadcasting (T-DMB) band. The system is similar to the
augmented data transmission in the ATSC DTY, for which
it was investigated mostly in terms of link level
performance, such as bit error rate. Our focus in this
paper is on the system-level performances. More
specifically, utilizing both a large scale path loss and a
small scale fading channel model, the primary objective is
to explore the tradeoff between the coverage and the
achievable rate of the overlaid service and, finally, to
determine the achievable rate in the overlaid service for
marginal coverage reduction in the existing broadcast
service. The analytical and simulation results show that an
SS-based add-on service of 10 kbps to 20 kbps can co-exist
with the T-DMB service while resulting in only a marginal
degradation in T-DMB coverage (for example, less than
one percent reduction).
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1. Introduction

Nowadays, frequency resources are very scarce, especially
the bands below several hundred MHz where an
electromagnetic wave travels longer than in higher frequency
bands making it suitable for nationwide broadcast services.
Frequency resources are also very expensive, and licensing a
new band may involve high costs. A popular solution to avoid
these charges is the creation of service overlays, for example, a
multimedia broadcast onto a unicast cellular service [1]-[3]
based on the so-called superposition coding [4], [5]. In
conventional time or frequency division multiplexing, each
service uses only a portion of the entire band, so that the rate of
service is effectively halved. However, with superposition
coding, the supported rate of each service is not necessarily
halved since both the unicast and the broadcast signal overlap
are transmitted through the same band. The problem is that
they may interfere with each other, which makes the successive
interference cancellation technique a key factor for the practical
implementation of superposition coding, Other practical
applications of superposition coding can also be found in [6]-
[8], such as for unequal error protection and/or multi-rate
transmission of broadcast traffic. Another class of overlaid
transmission is that in [9]-[15], where, instead of superposition
coding, a watermarking technique was considered for
transmitter identification and later extended to an auxiliary data
transmission over the existing TV broadcast, such as DVB [16]
and the Advanced Television Systems Committee (ATSC)
standard. Watermarking differs from the superposition coding
in that its signal is just considered as ambient noise and the
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interference cancellation technique is not used.

In this paper, we consider a service overlay where a spread
spectrum (SS)-based add-on service is superimposed on the
existing terrestrial Digital Multimedia Broadcasting (T-DMB)
service [17]-[19], which is technically more similar to the
watermarking technique for auxiliary data service [15] than to
the superposition coding. Its primary application would be a
low-rate emergency broadcast service. The fundamental
requirements are as follows.

1) Overlaying an add-on service must not require any changes
in the operation of the existing services.

2) The existing service must incur as little performance
degradation as possible, if any, (for example, less than a
few percentage points of coverage reduction).

3) The add-on service preferably has higher coverage than the
existing service.

The first requirement makes it unfeasible to employ the
successive interference cancellation and, hence, unlike the
systems in [1]-[3] and [6]-[8], the overlaid system here must be
operating independently; that is, the two signals are
demodulated and decoded separately at the receiver, as in a
watermarking technique, where they both act as interference
with each other. For the first and second requirements, the
relative power of the add-on service must be very small. A
good option for reliable communication in this case would be
an SS-based transmission, as in [9]-[15], where the tradeoff
between rate and coverage can easily be controlled through the
spreading factor. In view of the third requirement, an overlay
with a spread spectrum signaling would be more suitable for a
low-rate emergency service than serving over a separate band,
which could be very narrow and subject to fading. One
advantage of spread spectrum transmission over narrow band
direct modulation is that use of the rake structure and diversity
combining can mitigate multipath fading. Although it requires
much wider transmission bandwidth, it is not a problem since
the bandwidth here bears no cost when the signal is overlaid on
the existing T-DMB band.

The key design parameters in the overlaid system under
consideration would be the power ratio between the two
service signals and the spreading factor of the add-on SS signal.
The primary performance criteria would meanwhile be the
coverage (or outage) of the two services and the rate of the add-
on service (the rate of T-DMB service is assumed to be fixed).
Hence, the objective in this paper is to explore the relation
between the design parameters and the performance criteria
and to find an affordable region for the desired service
requirements. This will certainly be different from those in [20]
and [21], where the objective is to maximize the overall
throughput. However, in our problem, we consider fixed rate
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Fig. 1. Simplified system model under consideration.

broadcast services whose primary performance criterion is
coverage, and the objective of power allocation is then to find
the power ratio for an acceptable coverage reduction (for
example, a few percentage points) in the existing service.
Although the idea of an overlaid broadcast system is not new,
the analytical approach and the results provided in this paper
have not been studied before, and we believe that they can
provide system developers and service providers with insight
into the system behavior and can be used as a reference
regarding system performance.

II. System Description and Performance Criteria

A simplified system structure is shown in Fig. 1, where the
signals from the DMB transmitter and the SS transmitter are
added and transmitted through the channel. At the receiver, the
received signal is fed to the DMB and SS receivers,
respectively, and demodulated separately. This means the
DMB and SS signals act as interference to each other.

The two key parameters of the overlaid system are the power
ratio between the two broadcast signals, that is, DMB to SS
power ratio, ¢, and the spreading factor, &V, of the SS signal,
which are defined respectively as

o =Py / By

M

N=R /R, @

where Ppyp and Pss are the transmission power of the DMB
and SS signals, respectively, and R, and Rgg are the chip rate
and data symbol rate of the SS signal, respectively. We also
define the normalized bandwidth of the DMB and SS signals
normalized to the sampling rate, R, as wpyp and wss, which
are given respectively by

_ Wous _ N, R

W — — used . W =_c’ 3
DMB R NFFT SS R ( )

S S

where R is the sampling rate that is common to the DMB and
SS receivers, Wpug is the nominal bandwidth of the DMB
signal, and Ngrr and Ny are respectively the FFT point and
the number of the DMB subcarriers used. Assuming the use of
a raised cosine filter for the pulse shaping of the SS signal, we
may set
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Fig. 2. Example power spectral densities of DMB and SS signal.

Wous = (1+1)-R_, “)

where 77 is the roll-off factor of the pulse shaping filter. For
implementation simplicity, it is recommended to set R, = mR.
for some integer m so that the DMB and SS receivers share one
analog-to-digital converter. Figure 2 shows a sample power
spectrum with Ry = 2R, = 2.048 Msps, Wpus = 1.536 MHz,
and n=0.5.

The primary figures of merit of the overlaid system would be
the coverage of the DMB and SS-based add-on services
defined respectively as

Upvp (@, D, Yp\p) = EA(D)[Pr{}/DMB ()2 Vpus )] ®)

Ugs (0, D, Y55, N) = E ;) [Pri¥ess (&, N) 2 Y 1], (6)

and the data rate of the SS-based add-on service, Ry (¥sg,N),
limited by

_ R _ _
Rss(?’ss»N)Sﬁ10g2(1+7ss)=css(755sN)s @)

where 7, and % are the minimum required signal-to-
interference ratio (SINR) of DMB and SS, respectively, A(D) is
a circular area of radius D, and E[-] represents an average over
an area 4. The “effective SINRs” at the DMB and SS receivers
are ¥, (@) and 7, (o, N), respectively, to be discussed later.

III. Channel and Analytical Model

In this section, we consider an analytical model to explore
the relation between the performance criteria and the system
design parameters defined in the previous section. To do so, we
need a large-scale path loss model and a small-scale fading
channel model. The former is typically characterized by
location dependence and log-normal shadowing and used to
determine the received signal power and signal-to-noise ratio
(SNR) in an average sense, while the latter is characterized by a
power-delay profile and used to obtain the effective SINR and
the bit error rate (BER) to finally measure the system-level
performances, such as throughput and/or coverage. Reference

[22] provides a system-level performance evaluation
methodology.
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1. Channel and Signal Model

A. Large-Scale Path Loss Model

First, define P(r) as the received signal power measured at a
receiver separated from the transmitter by a distance, . Using
the simplest path loss model [23], P(r) is given in dB-scale by

P g (r) = P igm — Lo —10nlogr+ X 4, ®)

where n is the path loss exponent, Xy is the log-normal
shadowing that is assumed to be the Gaussian random variable
with mean 0 and variance oy’ Ly is the reference path loss,
and P gpm and Prgpn(7) are the transmission power and the
received signal power, respectively, in dBm. We also define
A7) as the corresponding SNR given by A7) = P(r)/&* with &
being the noise power in mW. Using (8) and Ny, = 10-log(&°),
we have

ﬂdB(r):I)r,dBm(r)_NdBm :BdB(r)+XdB > ©))
where
BdB (V) = R,dBm

Note from (9) that A7) has log-normal distribution, that is, its
logarithm is a Gaussian random variable, such that

B (r) ~ N (B (r), 03) (11)

where Ma,b) represents the Gaussian density function with

= Nggm — Logg —10nlogr . (10)

mean a and variance b.

B. Small-Scale Fading Channel Model

The small-scale fading channel model takes into account the
multipath propagation and mobility. However, to make the
analysis simple, we consider only the multipath propagation. In
this case, the channel is characterized by a discrete time
impulse response, /. for k= 0,1,...,.L—1, where L is the channel
length and each path gain is modeled as an independent
Rayleigh distributed random variable with a normalizing
condition

L-1
2ol b P =1,

Typically, the condition is given by

L-1
Do EInF=1.

However, with the condition in (12), we can take into
account only the impact of frequency selectivity without
altering the average received power that, in our system model,
is taken into account in the log-normal shadowing in (9).

(12)

C. Signal Model
Based on the channel model defined, the received signal
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sampled at a rate, R;, is represented as

Vi = \/R(’") “hy *(xDMB,k +‘xSS,k)+ n, 13)

where y; is the received signal, 7, the Gaussian noise with
mean 0 and E[mn,_,]=0°8, (&, is the Kronecker delta
function), and xpwpx and xss; are the DMB and the
superimposed SS signals, respectively. In (13), the transmission
power of the DMB and SS signals are defined respectively as

P,

2
s = £ | XDMB.k I,

Rs=E| Xss k |2 P (14)

with Py, + P =1.

Although the total transmission power can be set arbitrarily,
we already put this into the large-scale channel gain, that is, in
(8), and we interpret Ppyp and Psg as the portion of DMB and
SS signal power in the total transmission power. Then, from the
definition of ¢in (1), we have

P =al(+a)

Py=1/(+a).

D. Average SNR
Defining the received signals of DMB and SS respectively

as Inypy = \IR(V) “hy *‘xDMB,k and lss i = \IR(V) Iy >lexss,k’

the received SNR (in an average sense) is given by

E | tDMB,k |2 +E ‘ lss k |2

B(r)= 5
o

with

E|tDMB,k |2=R(I’)'( ZIL:_O]|h/ |2)'PDMB =F(r) By (15)
Eltg, =R X h ) By =R()-Rs,  (16)

where we assume that each sample of xpvpy; and xss; are
uncorrelated to each other, even though this may not be the
case, especially when the samples in (13) are oversampled. For
analytical simplicity, however, we will hold this assumption
simply by assuming that each path in the channel impulse
response has larger separation than the symbol duration of
DMB and SS. Then, using (15) and (16), the received SNR
becomes

P.(r)

0_2

B(r) = ; a7

as we previously defined.
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2. Simple Analytical Model

In this subsection, we provide a simple analytical model
without considering the multipath fading and the detailed
modem structure. Although this assumption is extremely
simplified, the results and their tendencies can give us insight
into the actual system behavior.

Let U(c, D) be the percentage of useful service area (over a
circular area, 4, of radius D) where the received SNR, Z(r), in
dB-scale is, over a threshold, ¢. According to [23], Ulc, D) can
then be defined as

U(e,D) = EA(D)[Pr{ﬂdB (r)2ct]

2x D

j Pr{f,,(r) = c} - rdrd®. (18)

T D -[

0

For the arbitrary distribution of A(r), it is quite difficult to
evaluate (18). Fortunately, however, one can obtain a closed
form solution using the large-scale channel model in the
previous subsection, that is, with the log-normal distribution in
(11); for example, we obtain

c— ﬂds (r) ]

Pr{f,(r)=c}= %erfc( N

=lerfc a+bln[ij
2 D

a:c—ﬁdB(D) bZIOnlogezlologe'L
V20, V20,, 2

O-dB
and, by plugging (19) into (18), we have [23]:
U(e,D) = %(erfc(a) +exp (1—%‘1;} erfc ( ! _bab D . (20)

Now, we evaluate the coverage of the DMB and SS services
by using (20). Similar to the average SNR in (17), the SINR of
DMB and SS signals in the average sense can be represented as

_ 1 _ E| IomB |2

225 E|tyyss | +Wouu0”
L BB,

2.25 B(r)Pg+ WDMBo-z

225 1+(1+@)Woy B(r)”

N-E|tg, i

wes (£ | IomB i |2 !Wong + 62)
) NB(r)B,

Wes (B.(7) Py / Wous +0_2)
B N

weg (0| Wop +(1L+)B() )

(19)

with

Yous (150)

@1

}’SS(I’;OJ,N)Z

22)
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where Ar) is a log-normal random variable with mean
BdB (r) and variance og’. In (21), the SINR reduction by a
factor of 1/2.25 (3.5 dB loss) is added taking differential
quadrature phase-shift keying (DQPSK) modulation and non-
coherent demodulation of the DMB signal [19]. This loss will
be verified by a link-level simulation at the end of section IV. In
(21) and (22), the SINRs were derived in the average sense;
hence, with the condition in (12), the SINRs do not depend on
the specific realization of the channel impulse response, 7.
Although this model is extremely simplified, it makes the
problem simple, that is, using these simplified SINR, we can
obtain the coverage of the DMB and SS services analytically as

UDMB (05, D, 7_/DMB) = EA(D) [Pr{yDMB (0{) > 7DMB}:|
=E,p |:Pr{ﬂ > 225 Wiy Yoms (1+ a)}:|

=225 Yous
= U[IO ) 10g(2.25 . wm,IB}_/W23 a+ a)} DJ
o =225Yous

(23)
Ugs(@, D, Y5, N) = EA(D) [Pr{yss(aa N)2z 7755}]

= EA(D) |:Pr {ﬂ > WDMBWSS}_/SS (1 +a') }:|

NWprg — Wes Vss @

_ U{lo- log[ WDMBWSJ/SS(HO’)], DJ.

NWpyg = Wes Ves &

@4
Using (23), (24), and (7), we can explore the system
behavior as a function of the system parameters, including the
DMB to SS power ratio () and SS spreading factor (V). As
noticed before, however, the frequency selectivity is not
considered in the SINRs in (21) and (22), and the results may
therefore vary from those using a more practical SINR model.
Nevertheless, the analytical model in (23) and (24) can provide
a quick view on the system behavior of the overlaid system,
and its results can be used as references to verify the simulation
results to be discussed in section V.

IV. Simulation Procedures

In section II1.2, we obtained a closed form solution for the
coverage of DMB and SS by using a simplified definition of
the SINR without considering the specific realization of the
channel impulse response. To obtain a more practical insight,
we will now take the channel impulse response into account. In
doing so, however, we cannot apply the analytical procedure
outlined in section II1.2. Instead, similar to the methodology in
[22], we perform the simulation through the following steps.
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Initialize:

1. Place transmiitter at the center of a circular area A(D).

2.8et s and 7, respectively, to appropriate values.

3. Set rand N to some target values.

Loop:

1. Generate a random (receiver) location within the target
area A(D).

2. Use the model in (9) to set the average SNR, Ar).

3. Generate a random channel impulse response, /; for
k=0, 1, ..., L-1, according to given power-delay profile.

4. Compute the effective SINR, ppyper (7505 54,) and
Yes.or (150, N, By ) for DMB and SS, respectively, using
the procedure to be discussed shortly.

5. Compare it with the SINR threshold (7,,,; and %)
and count the number of occurrences in which the
effective SINR is higher than the threshold value.

Repeating Loop steps 1 through 5 many times, we can
measure the coverage for given & and N. In (8) and (9), we
defined the coverage as the probability that the received
SINR is greater than some threshold; hence, in step 5, we
count the number of occurrences where the effective SINR is
higher than the threshold value. In fact, a more meaningful
definition of coverage for a broadcast service would be the
probability that the BER is less than a given threshold, say
10, The BER, however, is quite difficult to evaluate
analytically, especially when using channel coding. On the
other hand, the SINR is much easier to analyze than BER,
and, most of all, BER is a monotonically decreasing function
of SINR so we need only find the SINR threshold
corresponding to the BER threshold. In many cases, the
SINR threshold is obtained by a link-level simulation for the
given modulation and the coding scheme under consideration.
It is a good approach for frequency flat channels since we
need only perform the simulation for the additive white
Gaussian noise (AWGN) channel. In frequency selective
fading channels, however, the SINR threshold can be quite
different for each realization of the channel impulse response
or for different power-delay profiles, even if the average
SINRs are the same. Especially in orthogonal frequency-
division multiplexing (OFDM)-based systems, each data
symbol is transmitted through a subcarrier of which the SNR
may differ from those of other subcarriers. This makes it
difficult to define a single SINR threshold for every
realization of the channel impulse response. The notion of
effective SNR mapping has been introduced to tackle this
problem.

1. Effective SINR Mapping

Effective SNR mapping is a general term for link-level
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performance approximation procedures that map an SINR or
set of SINRs derived for a specific channel impulse response
into an effective value at which the BER for the AWGN
channel is approximately equal to the BER for the fading
channel for a given (set of) SINR(s). It is extensively used in
cellular system design, especially for the evaluation of system-
level performances, such as cell throughput or outage. For
spread spectrum signals, the effective SINR calculation in [22]
is typically used, while the exponential effective SNR mapping
(EESM) in [24], [25] is typical for OFDM-based systems.
Here, we will use the one in [22] for the SS and the EESM in
[24], [25] for the DMB, but with a slight modification. To
evaluate the effective SINR, we need to take into account the
demodulation procedure of both the DMB and the SS signals.

A. Effective SINR for SS Signal

Receivers for SS signals typically employ the rake structure,
where multiple correlation receivers (so-called “fingers”) are
used simultaneously (of which each one is assigned to each of
those paths with relatively high path gain), and their outputs are
maximal ratio combined. With this receiver structure, the SINR
for any given channel impulse response, 7, can be determined
as follows: for the n-th path SS signal, /,-xss ., all other signals
are interference, such that, after despreading, the SINR for the
n-th path signal is given by

N-B(r)PR|h, [
B(MRs- 2 | F+E|n', [
_ N-R(r)Rg|h, [
PR Y, | Iy P 4w (P Py /W +07)
Nih,[
Sk P twg (@ Wi + 1+ ) B
25

Applying the maximal ratio combining of the finger outputs,
the SINR at the combiner output is then given by the sum of
the respective SINRs [26]

YssMrC (r;o, N, hy) = ZD J/é;,)ﬁngcr(r;a’ N,h),
where @ is the set of indices of the paths with the highest signal
amplitudes. Finally, the effective SINR is obtained by ceiling
the SINR to a maximum value, ., [27], that is,

) . —
Sg,ﬁnger(ra (Z,N, hk) -

(26)

4
4
J/ss,eff(r;aaNshk):( VI;laer( Yssmre (750, N, By ) ) ) .

@7

B. Effective SINR for DMB Signal

One of the key features of T-DMB is that it is OFDM-based.
The SINR should therefore also be evaluated in the frequency
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domain, that is, per subcarrier SINR. Let H,, be the M-point
discrete Fourier transform of /;. With the condition in (12), we
have X,|H,|> = M. Assuming the power spectrum of the SS
signal is white within the bandwidth of the DMB signal”, the
SINR for the m-th subcarrier is given by

1 P H PP
YI(DIKZB(F;a)hk): . ,(}")|2 m| DMB .
! |H, | o

28)

225 |H,, [P +1+ @)Wy B0)

where the factor 1/2.25 implies the 3.5-dB loss due to the
differential detection (see the next subsection). The SNR
ceiling is then applied for each sub-subcarrier before evaluating
the effective SINR mapping. Similar to SS, it is obtained by the
harmonic sum with the maximum SNR, ., that is,

-1

-1
%'QB(r;a,hw{ymiﬁ (A ) ) . (29)

These per-subcarrier SINRs are finally mapped to a single
effective SINR value by using the exponential effective SNR
mapping (EESM) in [24], [25]

Yomp.etr (7506 )
1 1 =(m
=t Ty i) |0

where W is the set of subcarrier indices used, and p is the
mapping parameter. Generally, p must be chosen depending on
the modulation size and the channel coding scheme used. For
example, a suitable choice for QPSK and channel coding of
rate 1/2 is 1.56 [28].

2. SINR Thresholds

In digital broadcast service, quality of service (QoS) is often
measured by BER, which monotonically decreases with SINR,
and a sustainable BER that ensures a certain level of QoS is
defined for specific service, for example, 10* BER for audio
and 10°° for video. Recalling that the effective SINR is an
effective value at which the BER for the AWGN channel is
approximately equal to the BER for the multipath fading
channel with a specific channel impulse response, the
remaining task is to determine appropriate SINR thresholds,
Yoump and 7sg, that are minimally required to obtain the
sustainable BER, by performing link-level simulations for the
AWGN channel. To do so, we need to define the modulation
and coding scheme used for the DMB and SS signals,
respectively. To be specific, the modulations of the DMB and

1) Although it is practically not as shown in Fig.2, we assume this for analytical simplicity.
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Table 1. Channel/system parameters used for simple analysis.

SRS Code [204, 18] N
107 Parameter Value
Pyanm 60 dBm (1 kW)
Ny —175 dBm/Hz
=4
2 W =R, 2.048 MHz
Lo s 97 dB
OdB 8dB
n 3
—&— QPSK-coherent demod
—o— DQPSK-non-coherent demod WDMB 0.75
> : . .
1077 2 3 4 s 6 7 wss (77) 0.5 (0.5)
EJ/N, (dB) - -
Antenna gain (receiver) 6 dB
Fig. 3. BER perfqrmance of goncatenated convolutional/RS cpde Noise figure (VFqs) 9dB
of terrestrial DMB, with QPSK and DQPSK modulation,
respectively; WGN channel, 8-bit quantization applied to Nepn = No[dBm]+10log,, W+ NF,

demodulator output before fed to Viterbi decoder.

SS services are assumed to use DQPSK and QPSK,
respectively, and the same channel coding of the concatenated
convolutional code (of rate 1/2) and Reed-Solomon (RS) code
as defined in the terrestrial DMB layer 1 specification [19].
With these modulations and the coding scheme, we perform a
link-level simulation to evaluate the BER performance in an
AWGN channel environment.

The results are shown in Fig. 3. Note that the SINR threshold
for 10* BER is slightly less than 3 dB for QPSK and coherent
demodulation, while, for DQPSK modulation and
non-coherent demodulation as in DMB, there is approximately
3.5-dB SNR loss from the performance of QPSK modulation
with coherent demodulation. Since this loss is already taken
into account in the computation of the effective SINR in (21)
and (28), we set the SINR thresholds for both DMB and SS to
3dB, thatis, ¥pyp = ¥s = 3 dB, also taking a certain margin
into account. These values will be used in the simulation
discussed in the next section.

V. Simulation Results
1. Simulation Setting

Following the procedure summarized in the previous section,
we perform simulations to evaluate the coverage of the DMB
and the SS and the tradeoff behavior between coverage and
rate in the SS system. The parameters used in the simulation
are summarized in Table 1, where the sampling rate, R, is set
to 2.048 Msps, which is the minimum sampling rate for DMB
signal reception. Although an oversampling is typical, we use
the minimum value to simplify the analysis and simulation.

For the large-scale path loss, we applied the Hata model for
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urban areas [23], in which the path loss is given by

L(r) = 69.55+26.161og £ —13.82log hy —a(hy )

+[44.9-6.551log hy Jlog r (1)

with
a(hy ) =8.29(log(1.54 - hy ))* —1.1 for f <300 MHz,

where f'is the carrier frequency in MHz, At and /i are the
height in m (antenna elevation) of the transmitter and the
receiver, respectively, and 7 is the distance in km between the
transmitter and the receiver. By equating (31) with the path loss
in (8), we identify

Ly g5 = 69.55+26.16log f —13.8210g iy —a(hy )

n=[44.9-6.55logh;1/10.

Specifically, we choose /=200 MHz, the DMB frequency in
Korea, 41 =200, assuming the transmitter is installed on top of
a city side mountain, and sz = 2. With these values, we obtain
Logs = 97 and n = 3 as shown in Table 1. The standard
deviation of the log-normal shadowing, og, is set to 8 dB,
which is a typical value for urban areas [23]. For the small-
scale fading channel model, we use an SUI-5 model, which is
defined by a 3-path exponential power-delay profile with the
power (0, 5, 10) dB and the delay (0, 5, 10) ps.

2. Simulation Results

Figure 4 shows the cumulative distribution function (CDF)
of the effective SINR of the DMB, which is equivalent to the
outage performance, that is,1—Upyg (¢, D, Ypup ) » plotted as
a function of 7z =X . Note that the outage performance
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degradation is considerable in high-SINR regions, for example,
for X>10 dB, while it is not for X <5 dB. In high-SINR regions,
where background noise power is very small, the SS signal
degrades the DMB performance quite a bit, even with a low
power level of the SS signal, which, however, is stronger than
the background noise. In small-SINR regions (for example,
X<5 dB), the degradation is meanwhile much smaller than in
high-SINR regions because the background noise power is
now much stronger than the interference (that is, SS) power
such that P.(r)Pyg << 6. Note also that the effective SINR
reduction in high-SINR regions is not a problem since the
quality of the DMB broadcast service will still be satisfactory
once the effective SINR is over the 3-dB SINR threshold.
Figure 5 shows the coverage of the DMB service for a
circular area 4 of radius D, which is equivalent to the CDF
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evaluated at X = 3 dB in Fig. 4. We plot both the analytical
results obtained by (23) and the simulation results obtained by
the procedure in the previous section. The difference between
the analytical and simulation results stems from the fact that, in
analysis, we do not consider the frequency selectivity, while we
use the EESM in the simulation to take the multipath fading
into account. This results in a further reduction of the effective
SINR and the coverage performance. Compared to the
coverage of the DMB-only system, the coverage reduction in
the overlaid system is less than 1% for a high DMB to SS
power ratio, say o> 18 dB.

Similar to Fig. 4 for DMB, Fig. 6 shows the CDF of the
effective SINR of the SS service, which is equivalent to the SS
outage performance, 1-Ugg(e,D,¥55) , plotted as a function
of 4 = X . For DMB, the coverage performance can be
controlled solely by ¢; while, for SS, the coverage can also be
controlled by the spreading factor, »V; that is, the SINR is
improved with a larger value of N, which happens of course at
the expense of the SS service rate, which is inversely
proportional to NV as shown in (7). Note that the effective SINR
is limited by N/¢; that is, from (25), we have for Ar)—eo and
sufficiently large NV and &

2
) womsN | 4, |
S’é?ﬁnger (l", a,N, hk) - - >
Wes O

such that , with (26),

Yssmre (730 N, Iy ZM{Z] h, |2} =wa
wss@ | =2 WX
assuming all the paths are maximal ratio combined. By using
wpmp/Wss = 0.75/0.5 (=1.7 dB), N=192 (= 22.8 dB), and o=
18 dB, we approximately obtain the SINR limit marked in the
figure, which is slightly smaller than wpyg Nwssar = 6.5 dB,
due to the SINR ceiling in (27).
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Figure 7 shows the coverage of the SS-based add-on service
for a circular area 4 of radius D, which is equivalent to the
CDF evaluated at X = 3 dB in Fig. 6. We also plot both the
analytical results obtained by (24) and the simulation results
obtained through the procedure in the previous section. Unlike
the DMB coverage in Fig. 5, the analytical results are quite
close to the simulation results. Comparing (24) with (26), we
realize that the only difference is the self-interference (that is,
the interference from the delayed version of the transmitted SS
signal) added in the denominator in (25). Noting that this self-
interference can be ignored with sufficiently large A, it can be
easily verified by inserting (25) into (26) to obtain

Yssmre (7505 N, By )
_ N|h,
ned® Zl¢n| Iy [P+ wss (@] woyg +(1+ ) (1))

N(Zl h, FJ
ne®
wss (@ Wy +(1+ ) B() ™)

which is equal to (24), assuming all the paths are maximal ratio
combined. Note that the coverage of the SS service can be
made arbitrarily close to 100% by increasing NV at the cost of
the service rate reduction shown in (7). Now, the question is
what the trade rate between the two performance measures is.

Figure 8 shows the tradeoff between the coverage and the
rate for the SS-based add-on service, that is, Ugg (X, D, Y55, N)
versus Cgg oy (755> V), with different values of radius D. We
set o= 18 dB. Once we fix the service area, the maximum
service rate is limited by the target coverage specified by the
service requirement. With these results, we estimate that the
possible rate of the add-on service would be 10 kbps to 20 kbps,
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which seems to be sufficient for text messages and a
compressed voice/audio.

VI. Concluding Remarks

In this paper, we considered an overlaid broadcast service
where an SS-based broadcast signal is overlaid onto the
existing T-DMB service. Using a simple analysis and
simulation procedure modified from the one developed for
cellular system design in 3GPP, we investigated the relation
between the key system design parameters, that is, the DMB
to SS power ratio and the SS spreading factor, and the
primary performance measures, such as the coverage of
DMB and SS and the achievable SS service rate. Based on
the simulation results, we found that a low-rate SS-based add-
on service can co-exist with the T-DMB service with a
marginal degradation in DMB coverage (1% or less). As a
matter of fact, such coverage reduction in DMB service can
be made arbitrarily small by increasing the SS spreading
factor, that is, at the cost of the SS service rate. However,
there might be other solutions to compensate for the DMB
coverage reduction, for example, by slightly increasing the
repeater transmission power. Providers of T-DMB services in
Korea currently deploy many repeaters to fill the shadow
region. Although we did not consider repeaters in our
simulation, it can easily be inferred that the coverage
reduction in DMB service will occur around the edge of those
shadow regions. This means that the average SNR, /3, can be
improved by only slightly increasing the repeater
transmission power so that the “slight” coverage reduction
can be compensated to a level that could be obtained in the
DMB-only system.
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