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I. INTRODUCTION 

The focus of this pa 

Engrneering Conference 
Forward error 

published puncturing techniques [3,4,5] The CPC code 
technique allows the individual transmissions to be combined 
to form a more powerful code than the sum of the individual 
transmissions 

Il3OC DAB is an ideal candidate for the application 
of CPC codes since the digital DAB transmission is 
accomplished over two sidebands (upper sideband and lower 
sideband) which are potentially impaired by nearly 
independent interferers with independent fading If one 
sideband is completely corrupted by a strong first adjacent 
FM signal in the vicinity of the receiver, the opposite 
sideband must be independently decodable at the receiver. 
Therefore each sideband must be coded with an 
independently decodable FEC code. However, when both 
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sidebands contain useful information that is not cbmpletely 
corrupted by an interferer, then CPC codes provlde additional 

FM lBOC DAB 
channel 

FM Hybrid IBOC DAB Parameters 

brief description of the 1s 
etails of the FM BOC system 

ce the presentation 

a slope of about -0.35 dB/kHz from the center 
adjacent FM signals, If present, would be cqntered at a 
spacing of 200 kHz. 

Although FM channel cing in some countnes is 
100 kHz, these first adjacents geographically separated 
such that FM reception is not impaired within the coverage 
area. Therefore this should pose no problem to the FM IBOC 
system. The DAB to DAB interference at 300 kHz spacing 
can impair performance on one sideband, but the CPC code is 
designed to tolerate this condition. 

In the baseline FM IBOC design OFDM 
subcarriers are placed on each side of the host FM signal 
occupymg the spectrum from about 130 lcHz throu 
away from the host FM center frequency as sho 
1. 

I 1 

Figure 1. Power spectral densities of FM and DAB signals 
below FM spectral mask. 
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The total DAB power in each sideband is set to about 
-25 dB relative to its host FM power. The individual OFDM 
subcarriers are QPSK modulated at 689.0625 Hz (44100/64) 
and are orthogonally spaced at about 726.7456055 Hz 
(44100” 135/8192) after pulse shaping is applied (root raised 
cosine time pulse with 7/128 excess time functions as guard 
time). The potential subcarrier locations are indexed from 
zero at the FM center frequency to plus or minus 275 at the 
edges of the 400 kHz bandwidth. The outside assigned 
subcarriers are at plus or minus 274 with a center frequency 
of plus or minus 199128 Hz. The inside information bearing 
subcarriers of the baseline system are located at plus or minus 
179 with center frequencies of plus or minus 130087 Hz. The 
pilot subcarriers are located at plus or minus 178 with center 
frequencies of plus or minus 129361 Hz. The subcarriers are 
differentially coded across frequency using the inside pilot 
subcarriers as the reference for the first differentially detected 
symbol. These reference (pilot) subcarriers are modulated 
with an alternating sequence to permit assistance in frequency 
and symbol timing acquisition and tracking. Recent 
evolution of the design shows that adequate acquisition and 
tracking performance is achievable without the pilots. 

Required for FMlDAB Wending 
(FM data path not shown) 

single blt stream 

I I 
sync w r a  
detect 

I deallocate bt I 

edltting wit k implemented 
as puncturing a code Erasing ancVor interference suppression 

RF receive, digtize, carrier sync, 
symbol sync. mtched filter, detect 

Figure 2. Functional diagram showing the mapping and 
processing of bits through the receiver, deinterleaver, and 
FEC decoder. 

In the presence of adjacent channel interference, the 
outer OFDM subcarriers are most vulnerable to corruption, 
and the interference on the upper and lower sidebands is 
independent. Since the PSD of an FM broadcast signal is 
nearly triangular, then the interference increases as the 
OFDM subcarriers approach the frequency of a first adjacent 
signal. The coding and interleaving are specially , tailored to 
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deal with this nonuniform interference such that the 
communication of information is robust. 

The IBOC DAB system will transmit all the digital 
audio information on each DAB sideband (upper or lower) of 
the FM carrier. Although additional subcarriers beyond the 
baseline system can be activated to enable the transmission of 
all the code bits of the rate 1/3 FEC code, the baseline system 
employs a code rate of 2/5. Each sideband can be detected 
and decoded independently with an FEC coding gain 
achieved by a rate 4/5 (optionally rate 213) convolutional 
code. This redundancy permits operation on one sideband 
while the other is corrupted. However, usually both sides are 
combined to provide additional signal power and coding gain 
commensurate with a rate 2/5 (optionally rate 1/31 code. 
Furthermore special techniques can be employed to 
demodulate and separate strong first adjacent interferers such 
that a “recovered” DAB sideband can supplement the 
opposite sideband to improve coding gain and signal power 
over any one sideband. 

A simplified functional block diagram of the flow of 
the demodulated bits in an FM IBOC receiver is shown in 
Figure 2. 

II. CSI AND ADAPTIVE WEIGHTS 

Soft-decision Viterbi decoding with (near) optimum 
soft-decision weighting for maximum ratio combining (MRC) 
for differentially detected QPSK subcarrier symbols is 
employed to minimize losses over the channel. Since the 
interference and signal levels vary over the subcarriers 
(frequency) and time due to selective fading, timely CSI is 
needed to adaptively adjust the weighting for the soft- 
symbols. The CSI estimation technique should be designed to 
accommodate a fading bandwidth of up to 13 Hz for typical 
vehicle speeds in the FM band around 100 MHz. 

An expression for the weighting factor can be 
derived assuming gaussian noise into a differential QPSK 
detector resulting in non-gaussian statistics at the output. 
The fading factor can be computed as a function of the 
statistics of the output of the differential detectur where we 
define the soft decision of the form 

where 4 denotes the phase information imposed between a 
pair of adjacent symbols in the differential encoding, and n 
are the independent noise samples. The fading factor a of 
the adjacent symbols is assumed to be approximately equal. 
The signal to noise ratio after differential detection is easily 
computed to be 

S = (a+n,).(a.e.”@ +n,) (1) 

a4 
2.a’ -02 +04 

SNR = 

The ideal weighting factor for the post-differentially detected 
symbols is therefore 

a2 
2.a2 .cr2 +cr4 W =  (3) 
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The first dflerential approach described here uses 
cal estimates of the second and fourth moments of the 

second and fou 

and se can be estimated as 

were performed 

Although long-term estimates without fading yielded good 
ed between long filter 

hme constants for a versus short filter time 

errors over short filter time 

nounced when th 

nother estimator is 

differential detechon 
ion of hme (k index) an 

where U, is the ng coefficient of the 

n 

is the square root of equation (3). 

detection are explored here. 
For moderate to high SNR, 

where simple stat ts were used to 
estimate 02.  Howev on confirmed that t h ~ s  weight 
estimate performed poorly during hmes when the SNR was 
very low due to fading interference For example, the 

more than the high SNR ap tion to the weight 

estimate CSI statistics over a 
the estimate should not be s 

sufficient accuracy 
significantly less than 

estimated with 

technique approximates 

and satisfies the 

3 
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this symmetric filtering for the subcarriers at each end of the 
band, the impulse response “tails” are folded back into the 
active subcarriers. 

The first pass across the subcarriers sets the initial 
values of filtv,-, and filtd,-, without replacing the time- 
filtered values for each subcarrier. The time index k is 
ignored here since it is understood that the filtering over the 
subcarriers is performed over each k& OFDM symbol. 

3 .  Filter the sequences vk,, and dk,, using second- 
order digital IIR filters, then compensate for any differences 
in effective group delay to yield sequences filtVk,, and 

fiZtdk,n. The time constant for the j?lhlk,n filter should be 

somewhat smaller than the reciprocal of the fading 
bandwidth, while the time constant for the filtd,,, filter can 

be somewhat larger. These sequences are representative 
(approximately proportional) of the local mean and standard 
deviation of the sequence v ~ , ~ .  
4. The sequence of weights for the soft decisions for 
each subcarrier to be applied prior to differential detection is 
defined as 

1 

filtd,,, . [ 1 + [ Jiztdk’n ] ‘1 w k , n  = 

f i z t v k , n  - f i z t d k 3 n  
I I 

To prevent numerical overflow, check to ensure that 
 jilt^^,^ > 1.5-Jiltdk,n in equation (11); otherwise, set the 

weight to zero. Simulation results verified that this weight 
yields good performance under a variety of channel 
impairments with fading and interference. 

Smoothing filters for statistical estimates 

The values of filtdk and J i l tVk , ,  are estimated 

using filtering techniques described next. Filtering is 
performed first for each subcarrier at the k& symbol instant in 
time. Then the rows of Jiltd,, and j l t V k , n  are simply 

updated across the N subcarriers Equation (12) filters the 
sequences vk,, with a time delay of approximately 16 

symbols, and equation (13) filters the sequences dk,n with a 
time delay of approximately 64 symbols. Both filters have a 
zero frequency gain of nearly unity. 

960. subv - 451. ~ u b v  + 3 . v  

(12) 
k - 1,n k - 2 , n  k , n  

subv = 
k , n  5 12 

Additional filtering is performed across the N 
subcarriers. Smoothing the estimates across the N subcarriers 
requires 3 passes of a simple IIR filter. The first pass sets the 
appropriate initial condition of the filter, but does not update 
the estimates. The direction of the second pass is reversed 
from the first, while the third pass is reversed again. This 
results in an approximately symmetric (linear phase) filter 
characteristic which is desirable for providing the estimates 
on the center carrier. Although it is impossible to provide 

The second pass smooths the values across the 

Ifiltv, e(l-P)-~Zt~,+, +j?.subv,; I filtered estimates for each subcanier, S U ~ V  and subd. 

j l td ,  e (1 - p) * filtd,,, + p* Subd, ; (1 5 )  

n= N - 2 , N - 3 ,  ... 0 I 
The third pass smooths the frequency values again to 

achieve a nearly symmetrical impulse response (except for the 
subcarriers near the endpoints). 

The resulting filtered values for f i b  and pltd are used in 
equation (11) at each OFDM symbol time to yield the 
appropriate weight for each soft symbol prior to differential 
detection, but after matched filtering, in the receiver. 

IIL CPC CODE FOR OFDM BROADCAST SYSTEM 

A simple method of constructing the CPC code for 
this application is to start with an industry standard rate 1/3 
convolutional code. This code can be generated as shown in 
Figure 3 .  

The rate 1/3 convolutional encoder of Figure 3 can 
be viewed as producing 3 encoded bit streams (Gl, G2 and 
G3), each at the same rate as the input. The combination of 
these 3 bit streams produces the R=1/3 coded output 
sequence. To create a complementary code pair, for example, 
a subset of the output code bits is assigned to the lower DAB 
sideband and a different (complementary) subset is assigned 
to the upper sideband. Each subset must contain at least the 
same rate of bits as the information input rate, plus some 
additional bits to provide some coding gain. 

The coded bit mask of a Puncture Pattern matrix is 
shown in Figure 4. The Puncture Pattern matrix of represents 
the encoder output symbols over each set of 4 information 
bits. Therefore the output symbols are identified and indexed 
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Figure 4. General Puncture Pattern Matrix. 

its to achieve maxim 

Fi atte 

Optionally the punctured bits of the 
be transmitted to yield a pair of rate 2/3 CPC 
as shown in Figure 7. Of course, 

codes. 

bits contribute least to 
e combined code The ' 
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