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Abstract

Discrete-timememorylesdroadcasthannelsare an abstractiorof the down-link for mary centralizedwirelesssystemsThey
capturesomeof the issuesinvolved with mary differentuserswantingto simultaneouslyreceve information from a single site.
The traditional analysisis in the context of block codeswith the messagebeing known in adwvanceby the encoderInstead,we
considera sequentiakettingin which eachusers messagevolvesin real-timeas bits streamin to the encoderIn this context,
we look at the probability of error not at the block level, but at the bit-level. Furthermorejn placeof block-length,we look at
the delay betweenwhenthe bit arrives at the encoderand whenit is decodedby the decoders.

The sequentiakandomcoding error exponentis studiedand shavn to be positive in the whole capacityregion for degraded
broadcasthannels Furthermorewe shav that this exponentcan be achieved in a delay-unversalor “anytime” fashionin that
the encoderdoesnot have to specify the target delay The choiceof decodingdelayis left up to the decoderswhich are free to
vary this on an applicationspeci c basis— the longerit is willing to wait, the lower the probability of bit errorwill be.

I. INTRODUCTION

This paper treats degraded broadcast channels in a sequential setting. As such, it is a sister paper to our discussion of sequential
codes for multiple-access channels [1] and to our discussion of sequential source coding in the Slepian-Wolf context.[2] The
broad considerations presented there are identical to those present here, but we repeat a brief review here for the reader’s
convenience.

In the point-to-point communication scenario, there are many types of codes. The block-coding paradigm has a semi-infinite
sequence of messages, each of which is quite large. These messages is assumed to be known to the encoders at the beginning of
the epoch, and the decoder is assumed to produce an estimate for it by the end of an epoch. The next message is considered in
the next epoch. The delay in this context is determined by the epoch size or block-length. The sequential-coding paradigm also
has a semi-infinite sequence of messages, but each of these is assumed to be quite small relative to the delays of interest. These
small messages become available to the encoder as time evolves, and are used to generate channel input symbols causally.
There is no a priori choice of an epoch or block-length. Instead, the decoder decodes estimates of the messages as time goes
on, but does so with some delay.

Convolutional and tree codes represent the most well known cases of sequential codes, though these techniques can also
be used to construct block-codes. In [3], Forney reviews how the probability of error varies with delay in the point-to-point
settings as the decoder is forced to make a bit-decision at a particular delay. The relevant exponent turns out to be the random
block-coding error exponent, and in the high-rate regime, [4] tells us that no code can achieve a higher exponent with delay.
In [5], Sahai further identifies the delay-universal or “anytime” variation on sequential codes in which the choice of the delay
is left entirely up to the decoder. In [6], anytime communication problems are shown to be intimately connected to problems
of automatic control. Because of this connection, multiuser anytime theory has the potential to help us answer architectural
questions in the design of systems — in particular, the question of whether or not delay-sensitive applications like control need
to be segregated from rate-sensitive applications.

Broadcast channels [7] and [8] are interesting for distributed wireless communication systems, and yet, the study of such
channels has focused almost entirely on the block-coding case. The capacity region and random coding error exponents for
block coding on degraded broadcast channels are explained in [9] and [10] respectively. Bounded delay decoding had not been
considered. As pointed out in [11], the capacity region is still unknown for general broadcast channels.

In this paper, we study the sequential communication problem for degraded broadcast channels and bound the random coding
error exponents for the problem. These exponents are considered in the context of delay-universal, or “anytime,” reliability.
The probability of error is required to go to zero exponentially with delay, where the delay is chosen entirely at the decoders.
As such, the results here have implications in terms of sufficient conditions for the distributed stabilization of unstable linear
systems which have a single sensor/observer but distributed actuators acting on different dimensions of the unstable system,
but communicating to the observer through a broadcast channel [12].

In Section Il we will first describe the model of degraded broadcast channels and sequential channel coding. Then in
Section I11-A we will derive the random coding bound on sequential coding for degraded broadcast channels. We close with
a numeric example in Section IV.



Il. PROBLEM SETUP
A. Broadcastchannel
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Fig. 1. Model of generalbroadcasthannels

As shown in Fig 1, there are two independent information sources for two distinct decoders A and B. This setup in which the
two information sources are independent is denoted by (K;I1) in [13]. The broadcast channel is characterized by a transition
probability matrix Py,z;x where x 2 X is the channel input, y 2 Y is the channel output to decoder A, and z 2 Z is the
channel output to decoder B. The capacity region (Ra;Rg) of general broadcast channels is still unknown [11].

B. DegradedBroadcastchannel
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Fig. 2. Model of degradedbroadcasthannelsand how to codeover them. Sincethe two userscanbe orderedin termsof quality, we denotethem1 and 2
insteadof A and B.

As shown in Fig 2, decoder 1 has a strictly better channel than decoder 2 in the sense that Py.z jx (Y; zjX) = Pyjx (YiX)Pzjv (zjy).
Thus the message for decoder 2 can be decoded by decoder 1. The information source A and B remain independent.

Theoem1: Capacity region for the degraded broadcast channel [9],[10],[7]: The capacity region R is the convex hull of the
setof rate pairs (Ra;Rg),st.0 Rp  1(Z;U),0 Ra 1(X;Y]jU), for some joint distribution Qu (u)Qx ju (Xju)Py.zx (¥; Zjx),
where the auxiliary random variable jUj  minfjX j;jYj;jZjg.
For block coding, the decoding error probability can be arbitrarily close to 0 in the capacity region. The converse is proved
by Gallager in [10]. A statistical degraded7] broadcast channel has the same marginal transition probabilities as a degraded
broadcast channel, thus having the same capacity region and furthermore the same communication reliability. We will focus on
the physically degraded broadcast channels in this paper, although all the results carry over directly to the statistically degraded
case.

C. RandomBlodk Coding Error Exponents

The random block-coding error exponent of the degraded broadcast channel is studied in [10]. Consider a random ensemble
of (n;2"R4;2'R ) codes where encoder has 2"R 4 equal-probable messages from information source A and 2"R 5 equal-
probable messages from information source B, all with n channel uses. The inputs (length-n codewords) to the channel for
message (ia;ig) 2 f1;2;:::;2"Rag  f1;2;:::;2"R 5, xiA;i!B |is chosen according to the following superpositiorrule.



The codewords themselves are independently chosen according to a conditional distribution Qx jy .

Y
I g
P(Xi iy, = XT) = Qxju(Xjjui())
j=1
The decoders run ML decoding. Suppose that the two independent messages are io and ig, Gallager showed the following

coding theorem for degraded broadcast channels[10], except that we have changed units from nats to bits:
Theoem2: [10] Expected error probability over all messages and all channel realizations. 8Q = (Qu; Qx ju), for decoder
2
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Where Py 12(zju)) = y Qx ju (Xju)Pyx (Yix)Pzjy (zjy) is the effective channelbetween pre-encoder B and decoder 2.

For decoder 1:
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Where Px 1(yju)) =, Qxju(Xju)Pyjx (yjx) is the effective channelbetween pre-encoder B and decoder 1.
For rate pair (Ra;Rg) inside the capacity region: Ry < 1 (X :YjU);Rg < 1(Z;U), the error exponents are larger than
0. As shown in [10], the proof of the above theorem closely parallels Chap.5 of [14].

D. SequentialChannelCoding

The model of sequential channel coding is as follows. For rate 1, the information bit by 2 f0;1g arrives at the encoder at
timei, i = 1;2;:::;n;::: The encoder must send out an encoded symbol right away, that is only allowed to depend on the
past bits b, in a causal fashion. In order to achieve any rational rate R = %, we encode B information bits into C channel
uses. The decoder can choose a decision time and hence delay for a certain information bit, and the expected probability of
decoding error must be bounded by an exponential function of the delay.

Sequential encoders in this context can be thought of as labeled trees whose branching structure is determined by the desired
rate and whose labels represent the channel inputs. A random sequential code is one in which the labels are chosen to be iid
according to some distribution.

De nition 1: (B;C; Qu;U) random sequential coding scheme: For a distribution Qy defined on the alphabet U, and integers
B;C 2 N. The encoder E is a sequence of maps fE;g;j = 1;2;:::. The outputs of § are the outputs of the encoder from
time (j 1)C+ 1tojC. The rate of the encoder in bits per channel use is Rg = 2

6.
E:fo;1g® [0;1° ' UC
(B $G:8°) = v 1cp
Where the i(j;HlB);i = 1;2;::;C;ti'1B = 0;1;:::;28 1;j = 1;2;::: are iid continuous random variables uniformly
distributed in [0; 1] and independent of the data bits. These represent the randomness used to generate the code and they are
used to select the channel inputs according to:

Ui e+ = Uai=12::C

Py oW B P
whenever  |_; Qu(Y)) < |(J151 ) 1—1 Qu(U)
The random f ;(j; UlB )g are considered common randomness known at both the encoder and decoder. By the construction
of the codebook, it is clear that the encoder is casual i.e. for any two information sequences b{® and B"® , if for some
k  min(n;m) s.t. 8 = BB then the first kC outputs of the encoder for both information sequences are the same.

Forney showed in [3] that the point-to-point random coding error exponent defined in [14] can be achieved in the sequential
setup by forcing the decoder to give its best decision with a constrained delay. The probability of ML decoding error of the
i’th information source block at time nC is

Pen(i) K2 (M DCER) ()



Where K is a constant and E, (R) is the random coding bound defined in [14]. Jelinek also showed that the same bound is
achievable using a computationally tractable approximation to ML known as sequential decoding [15].

E. Superpositiorof SequentialCodes

For sequential coding over degraded broadcast channels, we will use a sequential superpositioncodesto achieve positive
anytime reliabilities inside the capacity region. To motivate what is needed, we first revisit the block coding setting.
Recall that in the block coding setting, the independence properties that appear in the proof are:
Two codewords are independent of each other if they have different B messages, regardless of whether the A messages
are the same or not.
Two codewords are conditionally independent of each other if they have different A messages, but the same B message.

The reason that this is called a superposition code is that it can be thought of as two distinct random codebooks that are
then combined using a special letter-by-letter superposition operation. Explicitly, let the first random codebook (for the cloud
centers) be a random rate Rg block code with letters drawn over U  [0; 1] according to Qu  Unif[0; 1]. Thus, in addition
to the traditional auxiliary random variable U, we have added a special continuous uniform random variable V. The second
codebook is a random rate Ra block code with letters drawn over [0; 1] according to Unif[O; 1] alone. We can consider this
an auxiliary random variable W. The letter by letter combining operation is given as follows:

Xi = G(Vi + W; mod 1;U;) ®)
where
K1 Xk
G(s;u) = X if Qxju(Xiju) < s< Qx ju (Xiju)
I1=1 I=1

Notice that G is exactly the function we would use to simulate something drawn from Qx;y given u and the realization of
an independent uniform random variable s. This is just a matter of using the inverse conditional CDF. Moreover, notice that
Vi; W; are both independent Unif[0; 1] random variables and so V; + W; mod 1 is also a Unif{0; 1] random variable with the
special property that if either of them is replaced with an independent uniform, the result will also be independent.® Thus,
this letter by letter superposition of two different codebooks results in a broadcast codebook with the desired independence
properties. The codewords with different cloud centers are independent, while those within a given cloud are conditionally
independent.

At this point, it should be clear what needs to be done in the sequential setting. The pre-code for source B is the privileged
one, and hence is a rate Rg random sequential code labeled with independent auxiliary random variables U and V for each
letter, with distributions Qy and Unif[0; 1] respectively. We use another sequential pre-code for source A at rate Ra that is
labeled with independent auxiliary random variables W drawn from Unif[0; 1]. These two sequential pre-codes are combined
on a letter by letter basis according to (5).

By construction, it is obvious that the encoder is casual i.e. for any two information sequences (a” ; 0j® ) and (& ;B8 ),
if for some k  min(n;m) st. (a*;;BB) = (a&*;B®B)), then the first kC outputs of the encoder for both information
sequence are the same. Furthermore, it is easily verified that the following properties hold:

If B 6 kB at any point, then all hypothesized channel inputs X are pairwise independent to the true X for all | > kC.
If &kB & akB at any point, then the hypothesized channel inputs X are pairwise conditionally independent to the true
X, for all I > kC, as long as we condition on Uj.

These pairwise independence and conditional pairwise independence properties will enable us to compute a bound on the

random coding anytime exponent.

F. Encodingand Decoding

The encoder and decoders work as follows. Encoder Ex uses an (A; B; C; Qx ju; Qu; U; X) random sequential superposition
scheme. This implicitly uses an (B;C;Qu  Unif[0; 1]; U [O; 1]) pre-coder Eg to generate a rate Rg random sequential code
book, as well as an (A; C; Unif[0; 1]; [0; 1]) pre-coder E? to generate a rate Ra random sequential code book, which are then
superposed using (5).

At time nC, decoder 1 has access to a sequence yi;:::Ync While decoder 2 has a sequence zy;:::znc . Decoder 1 runs
maximum-likelihood (ML) decoding to estimate both the information sequences. The decoded information sequence pair is
denoted (a7A ;ﬁl‘B ) and represents the ML sequence based on the channel outputs y seen so far. Decoder 2 on the other hand,
is only interested in source B and so does ML decoding only at the level of the pre-code, and treats the superposition step
as the additional noisy memoryless channel Qx jy. This parallels what Gallager did in the error exponent derivation for block
broadcast coding[10]. Mathematically:

10f course,using continuousuniform randomvariablesV and W is overkill. All we needis enoughrandomness.



B° = argmaxPx 12(2}° Ee (1)) ©)
1
Where Py 15 is the effective channelbetween dgz(coc%gr 2 and information source B.

Px 12(zju)) = Qx ju (Xju)Py jx (YiX)Pzjy (2jy)
y X

Decoder 1 estimates both A and A, for information source B, it is tempting to again can treat encoder Ex as a channel.
Thus:

B = argmax Py (v jEs (11° )

Where Px 1 is the effective channelbetween decoder 1 and information source B. Px 1(yju)) = P « Qx ju (Xju)Py jx (Yix).
While for block coding we can pick the estimation ﬁfB as the cloud centef10] and estimate information source A around
that center, we can not do the same in the sequential setting since the error probabilities for different information bits are not
the same since they are exponential with delay. The estimates of late information bits are not at all reliable. Thus we have to
apply ML decoding on both information sources together.

(ah;8®) = arg _max, Pyjx (4] CIEa(s?h;t1®))
Where s1* 2 f0;1g™ ;t1® 2 f0;1g"® are two binary information sequences, and Ea (s* ;t78) 2 X"¢; B3 (118 ) 2 U™
are the outputs of the encoder and the pre-code encoder. Notice that at each time, the decoders re-estimate all the information
bits. In the next section, we show that the expected probability of decoding error of the information bits decays exponentially
with delay.

I1l. RANDOM CODING BOUND

In this section we derive a bound on the error probability for the sequential degraded broadcast channels using the randomized
encoders in Definition 1 and the superposition strategy given earlier. It is clear that the encoders do not have any target delay
specified, and so we are interested in the error probability of an information bit given some arbitrary decoding delay. We first
state the main result of this paper in Theorem 3 and then discuss the proof.

Theoem3: After nC channel uses, we have the ML decoded information bits B8 at decoder 2 and (a7 ;&8 ) at decoder
1. Write the error probabllltles of decodlng the j ’th block of source B at decoder 2 and the j’th block of source A; B at

gecoﬁer 1as P (%1% 6 B571°0), Pa(fals "0 6 ali ), Po(tB71% 6 b")° ) respectively. Then for every
i o

Pa (1" 6 B5° g) K12 $CExi5 (@R p) ™

P, (fﬁJ +1)B q(J +1)B K 2 dCE x15(QR B) (8)

Pn (faJ(JAJr-:l)A 6 a1({6\+-:1)Ag) (Ksd+ Ky))2 dCE1(QR 4R B) (9)

Where K 1;K4; K3 and K4 are constants not depending on n;j and dC = (n+ 1 j)C is the decoding delay. The first two
error exponents Ex 12,(Q; Rg) and Ex 1,(Q; Rg) are defined in Eqn(1) and Eqn(2) respectively. The third error exponent
E1(Q;Ra;Rg) is defined as follows:

Ei(QRaiRg) = Inf T supf ( Ra+Eo(Q N+@ ) (Ra+Rs)+Eo,(Q )99

2[0:1] 2101 X

Eo.(Q; )= log, Qu(u) ( Qx,-u(><1'U)F’Y1]>£’(yj><))1+ (10)
uX X y X L

Eo.p(Q )= logy ( Qu(X)Pyyix)'F (11)
y X

Where Q = (Qu; Qx ju) are the distributions used to construct the sequential code. These error exponents can be made positive
in the interior of the capacity region by properly choosing Qu and Qx;y. By letting = 0;1, we can easily see that the
sequential error exponents are not larger than those block coding error exponents defined in Theorem 2.



A. Error Probability for Information Souce B

The situation at decoder 2 is simple. By treating the output of the sequential pre-code for source A as a sequence of iid
Uniform random variables, we can view the superposition operation as just another memoryless noisy channel. The optimal
decoder will do at least as well as a decoder that ignores the structure of pre-code A. Verifying Eqn.7 and Eqn.8 is therefore
simple since this is just a point-to-point problem in which we want to show that the random block coding error exponent is
achieved by a random sequential code with bounded delay ML decoding. See [3], [5] for detailed proofs of this. It turns out
that the pairwise independence property between the true suffix and any false suffix is all that is required since it allows the
classical Gallager analysis of the random block coding error exponent to apply to the suffix.

B. Error Probability for Information Source A

Information source A is only of interest to decoder 1. When we examine the situation from the perspective of decoder
1, we notice something interesting. The superposition operation of Eqn(5) is deterministic and works letter-by-letter. It is
tempting therefore to combine the superposition operation with the memoryless, but random, noisy channel to give us a single
memoryless multiple-access channel (MAC) connecting the outputs of the two sequential pre-codes to the channel output y.
The construction of these two pre-codes was also done in a manner that is independent of each other and so the analysis of this
part seems like it should reduce to a sequential MAC. The challenge that we face in applying the sequential MAC analysis of
[1] is that the analysis there was given in terms of discrete input alphabets and the output of our pre-codes includes real-valued
quantities. As a result, in this subsection we prove Eqn(9) directly using similar arguments.

When decoder 1 estimates information source A, it has to do the joint ML decoding by estimating information source A
and B simultaneously because of the sequential coding. After nC channel uses, depending on the position of the first wrongly
decoded block of source A and B, we have (n + 1)2 possible disjoint error events. We bound the probability of each error
event using a random coding argument and bound the probability of decoding error of a particular block by a summing up
the appropriate error probabilities.

Proposition1: Partition of f0;1g"™  f0;1g"®

Given the information sequence pair (a}* ;b}® ) we can partition the set f0;1g™  f0;1g"® into (n + 1) subsets.

Forl j;k n

Fo(j; k; (@1 ;0B)) =

f(s™;t"8) 2 f0;1g™  f0;1g™® jsi DA =l DA.JA 6 a’ (e DB = gk 1B e

B
195G 1)A+1 G DA+l kK 1)8+1 6 b’<‘k 1B +19

Forl j n

Fa(in+ (a0 5%) = f(sP5ti®) 2 f01g™  foiag®js) V™ =al Dhdft 8t it = g
Forl k n

Fa(n+ Lk; (a0 B%)) = f(s]5t17) 2 F0; 1™ £0;10™ st = ah el V° = b€ %5t 10, 8 B 1510

And finally Fp(n+ L;n+ 1;(a};bf®)) = f(a}*;bf® )g.
We use the convention that if i; < i, aj! is an empty sequence. F is clearly a partition of f0;1g™  f0; 1g"® .

De nition 2: Error Event E, (j; k; (@M ;018 )): En(j; k; (a2 ;0B )) = f(a ;BB ) 2 Fn(j;k; (@™ ;B ))g.

We call E,(j; k; (" ;0B )) the (j;k)’th error event that assumes that (a” ; b}® ) was actually the information sequence
pair up to this time and captures the event that the decoded information sequence pair (a7 ;BB ) is in F(j;k; (@ ;BB ).

In words, En(j;k;(al®;0j®));1 j;k n; captures the error that the first decoding error for information source A is at
block j while the first decoding error for information source B is at block k. If the decoder does not make any decoding errors
for A, but the first decoding error for B is at the k%h block, then the error event is E,(n + 1;k; (a}* ;b}®)) and similarly
for En(j;n+ 1;(a} ;0B )) with the roles of A and B reversed. Finally the event of making no decoding errors after nC
channel uses is denoted E,(n + 1;n + 1;(a}* ;b8 )).

Now we use the random coding bound argument to give an upper bound on the probability of E, (j; k; (a* ;6B ));j k.

Lemmal: Random coding bound on the (j;k)%h error event. Encoder Ea uses an (A; B;C;Qxju;Qu;U;X) random
sequential coding scheme, 8 information sequence pairs (ai*;0®),1 j k n+ 1land 80 1

P En(] ; k, al ,HIB ) 2 (k j)c( R A+E0A(Q, ) (n k+1)C( (RA+RB)+E0AB(Q; ) (12)
Where Q = (Qu;Qxju), Eo,(Q; ) and Eo,,(Q; ) are defined in Eqn(10) and Eqn(10) respectively.
Proof: : The proof here is similar to the derivation of the random coding bound on the block coding error probability in
[14]. The probability of E, (j;k; (a7l ;bi®)) is upper bounded by the probability there exists a sequence pair (s* ;t78) 2
Fn(j;k;al®;ofB), st.

Pi(YICJEA (ST ;t1®))  Py(YI®jEa(al®;b}®))



Write EA(%:‘AUICCQB ) a,zx”():C Es (b[f‘f)% as uf] (k, )C(STA ;178 ) as XIC and B (t78 ) as Ui . Since (1A ;118 ) 2 F(j; k;a)* ; bBi®),
we have X7 Ul = u . So
P En(j;k; a ;b?B ) B YSTNt®) 2 Faliikial® ;B ) sitPy (i x1%) - Pa(yi® ixi®)
= QU(UTC)QXJU(Xl Julc)Pl(Y1 JX1 )

xpC upC ync
P o(st* ;1) 2 Fa(irkial® ;b );sitPo(yi© ixi©)  Pa(yi©ix1©)jxi< ;uf yi©(13)
First we bound the conditional probability
P(9(s]* 1% ) 2 Fn(js ki@ ;% ) sitPy (yi©JX°) - Pu(yi® JX1C)JX Jule 5 yie
[ P(P(Y!€ix%)  Py(yf®ixi®)ixi®;ui®;yi®)] ;8 2[0;1] (14)
(SPAtEP)2F Gk ay A by )
8(sIA ;1718 ) 2 Fy(j;k;a ; biB ), by noticing that x!
channel. We have
P1(y[®iXi®) = Py}

1)C G 1C gk ne (k 1)C

= X3 1 = and the memorylessness of the

He. G 1)C)P1(y(k 1NC .ok 1)C

xi i ne+UXg 1)C+1)P1(y?;? 1)C+1j7?ls 1)C+1) (15)
Now 8s > 0O:
P(PL(y1® iX1%)  P1(¥1®x1%)ixi< ;ui®;yi%)

= QXiU(X?jC 1)c+1jU'(1jC 1)C+1)QU (U?kC 1)c+1)

PCPL(YOIREC) Pr(ypCixp©)

CI

Q . (Yn_C jUn-C )QU(U"C )Pl(Y1 ]XTC °
xjuXg" ne+d¥gT ne (K ne+1)p (¢ jxnc)s

wnC nC
XG npeq UG non

X NC :nC nC 1(y?JC 1)C+1jYZ)C )C+1)S
= Qxju (X e+ UG 1ye +1)Qu (T 1)c+1)P( XN ) (16)
Y(hjcl)cﬂ ;U(hjC Do y(J 1)C+1J (J 1)C+1
The size of F(j; k;al ;b®) can be bounded using
JFn(J,k,aTA ,HIB )] Z(n k+1)(A+B)2(k A — 2(n k+1)C(RA+RB)2(k j)CRA — M (17)
Substituting Eqgn. 16 into Eqn. 14, and using the union bound argument, we get 8 1
P(9(s"19%) 2 Fn(j5 ks @™ ;0% )i stiPa(yf€ 1x7C) - Pu(yf® ix®)ixiC ;uf® ;yi©)
X . 1(y 0 c+1j7n')c1 ci1)’
M QXJ'U(X?J'C 1)c+11Ur€jC e +1)Qu (Ur(f 1)c+1)P N (J ) X(J s )S] (18)
XE 1y e S0 1y o) Vi ve X nen
Substituting Egn. 18 into Egn. 13. We have:
ol ahA LB X X X nC nC i nC nC iy NC
P En(i:k; & 0" ) Qu (U™ 1)c+1)Qxju (X 1yc+1iU” 1ye )P e X 1)
X0y W yowy YO yon
X P1(y[° jr“-’c )
. (j 1)C+1 1)C+1
M Qxju (X 10 41U 1)c41)Qu (Ul 1)c+1)P (ync 0 E ]
15 HealXT e

«nC .gnC
X yew UG 1o

By letting s = 1+ , and noticing the fact that X and T are dummy variables, and u 1)C+1C = U'(‘j 1)c+1C-
P En(j:;k; ai*;
0 X H;< : X nC e nC nC e = Al
M f Qxju (X e +UK 1e+1)QuUE ne+)P1Yu 1ye+XK 1e+1)F79
X y(nkc 1) S;(»fl (nkc 1) C+1 ("kc 1) C+1
(k 1)C k 1)C k 1)C k DC . (k 1)C
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(G nen UG posy (5 nen

=2 (kK J)C( R a+Eo,(Q )) (n k+1)C( (Ra+RB)+E0,5(Q )



Qii,

The last equality is true because Qa (x!i) = 5 Qa(xi); etc.
By the definition of E;(Q; Ra;Rg) we have
P En(j:k; arfA ?HIB ) 2 (0 J+1CE1(QR 4R B) (19)

since it is the minimum over all the possible choices.
Similarly if 1 k n+ 1, we use a similar technique to bound the error probability. The only difference is

tlhat |I<f B¢ De41 6 tfC 1)g 41, then X{C ¢y and XP¢ )¢, are independently distributed ~ Qx . Thus we have for
Jon+ L
P En(j:k; a;:b® ) 2 (i KC( R a+Eo,p(Q ) (N+1 j)C( (Ra+RE)+E0,5(Q )
2 (0 k+1)C( (Ra+Rp)+Eo,5(Q: )
2 (n k+1)CE1(Q,R AR B) (20)
The last inequality is true by the definition of E{(Q; Ra;Rg). Now combining Eqn(19) and Eqn(20), we have:
P En(J K aTA : HIB ) 2 (n min("k)+1)CE1(Q;R AR B) (21)
Using Eqn(21), we can bound the error probabilities P, (f aJ(JAJﬂA 6 al A+1 g) The probability of making a decoding error

at time nC (after nC channel uses) on the j ’th information block a A++11)A is upper bounded by making a decoding error on

any block with block number not Iarger than j.

Xl
Pafali 6l g P( ralt e el P(En(is hi (5% 1 B5° )
i=1 i=1h=1
)d X H A B )Q D<+1 H A B
P(En(i; h; (a” ;")) + P(En(i; h; (a7 ;1" )))
i=1h=1 i=1h=j +1
X X o X X! .
2 (0 min(i;h )+1)CE1(QR 4R B) 4 2 (n i+1)CE1(QR 4R B)
i=1h=1 i=1h=j +1
XX XX _
2 2 (n h+1)CE1(QR aRB) 4 2 (n i+1)CE1(QR a;RB)

i=1h=1 i=1h=j+1
X 2

X
1 2 CE.(QRAR )2 (0 H+DCELQRARE) 4 (n+ 1 j) 2 (n i+1)CE1(QR aRp)
1 N ARB

i=1 i=1
2 2 (M j+1)CE1(QR ARE) 4 (n+1 j) 2 (M J+1CE1(QR AR 5)
a 2 CE1(QR AJRB))2 1 2 CEi1(QRaRBE)
- (n+1 j) . 2 )2 (0 i+1CEL(QR AR p)
1 2 CEi1(QRaRB) (1 2 CEi1(QR A;RB))2
= (Ksyd+ K,)2 9CE1QR 4R z) (22)

Where dC = (n+ 1 j)C is the decoding delay.
Using the same technique we can bound the error probability for information source B if decoder 1 uses a joint ML decoding
rule. The error exponent is :

supf ( Ra+Eo(Q )+@ ) (Ra+Rs)+Eos(Q ))gg (23)

. 1
E2(Q;Ra;RB) = er[lg;l]f I sup

Where E(,(Q; ) and Eg,,(Q; )) are defined in Eqn(10). The % term is from the fact that for information source B,

the dominant error event is such that the decoding for information source A makes an error before B. Decoder 1 can choose
point-to-point ML decoding or joint decoding whichever? has the bigger error exponent to decode information source B.

2In reality, we wantto just geta MAP estimatefor the sourcesWhile MAP andML arethe samein the point-to-pointcase we suspecthatin multiterminal
problems,there can be signi®cantdifferenceshetweenMAP and ML decoding.We are actively exploring this now.



C. Discussion

In the previous two subsections, we proved the main part of Theorem 3. The theorem is true for all possible Q = (Qu; Qxju),
although for some Q the error exponents can be non-positive and hence useless. In this subsection, we sketch the proof of
why the error exponents Ex 12,(Q; Rg), Ex1,(Q;Rg) and E1(Q; Ra; Rs) can be positive everywhere in the interior of the
achievable region of Theorem 2 with properly chosen Q.

First, we know 9Q = (Qu;Qxju), st. 0 Ra < I(X;YjU)and 0 Rg < I(Z;U). Given this, we will only sketch the
proof of why E1(Q; Ra;Rg) > 0, the proof for the positiveness of Ex 12,(Q;Rg) and Ex 1,(Q;Rg) are similar.

(Ra+Rg)+ Eo,p(Q; ))j =0=0
20 (Ra*Re)*+ Eop(Qi M 0= (Ra+Ra)+ 1(X;¥)> 0 (24)
The last inequality is true because U! X ! Y I Z, thus:
Ra+Rg < I(X;YjU)+1(Z;U) 10X YjU+HI(Y;U)=H(YjU) H(YJX;U)+H(Y) H(YjU)=H(Y) H(Y]X)=1(X;Y)
Similarly we have:
Ra+Eo.(Q )j=0=0
S0 RA+E(Q Ni=0= Ra 1(X:YjU)>0 (25)

Thus 9 2 [0; 1],s.t. Ra + Eo,(Q; )) and (Ra + Rg) + E,,(Q; )) are both positive.

EAQRAiRS) = B SIDf ( Ra+E0(Q )@ ) (Re*Re)* Eou(Q )og
2ir[](];-1]f ( Ra+Ee(Q ND+@ ) (Ra+Re)+Ep,Q; ))g>0

This resolves the cases where no convex hull operation is needed. Otherwise, 8(Ra;Rg) 2 R, where R is the capacity
region of the degraded broadcast channel, 9Q = (Qu;Qxju). Q%= (Quo; Qxjuo) and 2 [0;1], s.t

0 Ra L(X;Yju)+ (1 )I(X;Y]ju9
0 Rg 1(Z;U)+ @ )I(Z;U9

For the sake of simplicity, we assume = }%;J;H 2 N;J < H. Now, instead of using an (A; B;C;Qxjuy;Qu;U;X)
random sequential superposition scheme, we use a more complicated (A; B; C; Qx ju; Qu; U; Qx juo; Quo; U%X:J;H) random
sequential superposition scheme. Basically, the (A, B;C;QXJU;QU;U;QXJUO;QUO;U“,X;J;H) coding scheme is a “time
sharing” version of (A; B; C; Qx ju;Qu;U; X) and (A; B; C; Qx juo; Quo; U% X)) with the first one operating at time kH C + 1
to time (kH + J)C, the second one operating at time (kH + J)C + 1 to time (k + 1)HC. Write Q = (Qu;Qxju) and
Q%= (Quo; Qx juo), it can be shown that the error exponent for decoding message A at decoder 1 can be written as:
E1(Q:Q% ;Ra;Re) = nf S[Up}f ( Ra+t Eq,(Q )+ (@ )E(Q%)

’ 2[0;1
+1 ) (Ra+Re)+ Eq,,(Q )+ (@ )Eo,,(Q% )gg (26)

Following the proof in the first case, we have: 9 2 [0; 1]s.t. Ra+ Ep,(Q; )+ (1 )E0,(Q% ) and (Ra +
Re)+ Eo,.(Q; )+ (1 )Eo,,(Q% ) are both positive. Thus
Ei(Q:Q% ;RaiRs) = inf fsupf ( Ra+ Eo,(Q )+ (1 )E0,(Q%))
2[0:1]  210:1]
+1 ) (Ra+Re)* Eo.n(Q )+ (1 )E0.a(Q% )gg

inf £ ( Ra+ EoQ )+ (1 )E0,(Q% )
21[0:1]

+(1 ) (Ra+Re)+ Eg,(Q )+(@ )Ep,Q% )g>0 (27)

Similarly, using the (A; B;C;QXJU;QU;U;QXJUO;QUO;UO;X;J;H) sequential random coding scheme, we can achieve
positive error exponents for decoding message B at both decoder 1 and 2.



V. AN EXAMPLE

Consider a binary symmetric degraded broadcast channel consisting of two binary symmetric channels as shown in Fig. 3.
We plot E in Fig. 3, where

E = sup  fminfEx12,(Q;Re);Ex1,(Q;Rs);E1,(Q;Ra;Rs)9g
Q=(Qu:Qxju)

Where the error exponents are defined at Eqn(7), (8) and (9). The sequential error exponents are positive in the whole capacity
region.
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Fig. 3. A degradedbroadcasthannel Fig. 4. Minimum sequentiakrror exponentsof the channelin Fig. 3

V. CONCLUSIONS AND FUTURE WORK

We studied sequential channel coding for degraded broadcast channels and showed how superposition coding could be done
in this setting. By applying a variation of Gallager’s random coding analysis, we achieved a positive sequential random coding
anytime exponent within the whole degraded broadcast channel rate region. This exponent measured the probability of bit-error
with bit-delay rather than block-error with block-length. Furthermore, the code was “anytime” or delay universal in that the
decoder could decide on a delay without telling the encoder what it is. The decisions become exponentially more reliable with
increasing delay, and thus all message bits are eventually known perfectly. The focus here was on showing positive anytime
exponents, and we believe that it may be possible to improve on the bounds given here.

The analyzed random coding scheme consists of a superposition of two sequential encoders designed for the degraded
broadcast channel and two ML decoders. Since ML decoding is computationally prohibitive, a practical approximate decoding
scheme is desirable. In addition, the complexity of the encoding grows as time goes on. To address this, we believe it should
be possible to accept a certain maximum tolerable delay (or equivalently, a certain small enough error probability) beyond
which we are no longer interested in correcting errors with additional waiting. This can then be realized using a (possibly
time-varying) convolutional code with a long enough constraint length. [15] might also be extended to such contexts which
would give implementable sequential decoders. Furthermore, similar sequential random coding bounds can be achieved for
other multi-terminal problems such as the two-way and interference channels.
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