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Abstract—The Causal Cognitive Interference Channel (CCIC)
models realistic causal cognitive communication between two
sender-and-receiver pairs, in which the cognitive sender causally
obtains a message from the primary sender and helps forward it
to the primary receiver while also sending its own message to the
cognitive receiver. We propose a new coding scheme combining
the Han-Kobayashi scheme, partial decode-forward relaying and
modified dirty-paper coding (DPC) for the Gaussian CCIC in
the half-duplex mode. The proposed scheme induces correlation
between the transmit signal and the state to allow traditional
DPC as well as state forwarding. An achievable rate region with
joint decoding is derived. Numerical results show that the rate
region for the proposed scheme is better than the Han-Kobayashi
scheme and several other existing schemes. We also analyze the
maximum rate for the cognitive user while keeping the primary
user’s rate as interference-free. Results show that, by decode-
and-forward relaying, the cognitive user can achieve significant
rates while not affecting the primary user’s rate even in the
half-duplex causal case.

I. INTRODUCTION

The cognitive interference channel is a four-node channel
with two senders and two receivers, in which the second sender
knows the message of the first sender so that it can assist in the
transmission of the primary sender and its own messages. In
recent years, researchers are increasingly interested in the half-
duplex mode which is more practical in real systems. The half-
duplex causal cognitive interference channel usually consists
of two phases. In the first phase, the second user obtains a
message from the first sender causally. In the second phase,
both senders transmit the messages cognitively.

This channel can model cooperation in practical networks.
In the cellular system, consider two base stations with two
users near the edge of the cells. User one and user two want
to communicate with base station one and base station two,
respectively. Suppose that user two is much closer to user one
than base station one, then user two can serve as a relay and
help user one transmit information. User two can also send its
own message to base station two at the same time.

Devroye et al. first propose the concept of an ideal non-
causal cognitive radio channel and present an achievable rate
region in [1]. They also propose four protocols for the causal
case. Time-sharing these 4 protocols can achieve the Han-
Kobayashi rate region but not the decode-forward relaying
rate. Chatterjee et al. [2] further study the half-duplex causal
cognitive radio channel and propose a better scheme. This
scheme can only achieve the rate of decode-forward relaying,
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Fig. 1. The half-duplex causal cognitive interference channel model.

which is less than the partial decode-forward rate in the half-
duplex mode. We will discuss these two schemes in more
detail in Section (III-D). In a related work, Kotagiri and
Laneman consider a two-encoder multi access channel (MAC)
with one of the encoders having non-causal access to the
channel state [3]. They derive an inner bound for the discrete
memoryless case and apply a generalized dirty paper coding
at the non-causal encoder in the Gaussian case.

In this work, we propose a new coding scheme for the
half-duplex cognitive interference channel. The transmission is
divided into two phases. In the first phase, the primary sender
sends a codeword containing only the cooperative information
to the other three nodes. At the end of first phase, the cognitive
sender decodes this message part. In the second phase, the
primary sender sends a codeword containing all its message
parts. The cognitive sender sends a codeword containing its
intended messages and the cooperative message decoded from
the primary sender in the first phase.

We utilize a modified binning technique at the cognitive
sender to not only combat the interference from the primary
sender but also help forward part of this primary sender’s
message. In this scheme, different from traditional dirty paper
coding [4], we introduce a correlation between the transmit
signal and the state. This correlation helps improve the trans-
mission rate since it contains both functions of binning as in
DPC and message forwarding. This idea of the correlation,
in fact, has also been used in [3] to allow partial state
cancelation (instead of state forwarding as here) in the there
considered state-dependent multiple access channel. We derive
the rate region for the half-duplex causal cognitive interference
channel. We further investigate the optimal time duration for
the first transmission phase and the optimal power allocations
to achieve the maximum rate for the cognitive sender while
keeping the primary sender at the rate without interference.
We study the relationships between this maximum rate for
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the cognitive sender and three channel gains parameters (two
cross channel gains and one channel gain between two trans-
mitters). Simulation results shows that the cognitive user can
achieves non-trivial rates while the primary user transmits at
its interference-free rate.

II. CHANNEL MODEL

The causal cognitive interference channel consists of four
nodes: two senders Si, So and two receivers D, Do, see
Figure 1. S; wants to send a message to Dj. Sy serves as a
causal relay node and helps forward messages from 57 to Dy,
while S also has its own message for Do. The transmission in
the half-duplex causal cognitive interference channel is divided
into two phases. In the first phase, S; transmits while Sy, D1
and Ds listen. In the second phase, both S; and Ss transmit
and D; and D5 listen. This 2-phase transmission allows S5 to
decode a part of the message from S in the first phase and
then forwards it with its own message in the second phase.

The channel can be represented as

First phase : Y =cXy1 + Z,
Y11 = X1 + 211,
Yo1 = aXy11 + Zo1. (1
Second phase :  Yis = X2 + bX90 + Z19,
Yo = aXia + Xoo + Zoo, 2

where X717 is the codeword of S in the first phase, X12 and
X9 are the codewords of S; and S, in the second phase,
respectively. Y, Y71 and Yo, are the received signals at So,
Dy and D5 in the first phase. Y2; and Yo, are the received
signals at Dy and Ds in the second phase. a, b, and c¢ are the
channel gains and the direct links are normalized to 1 as in
the standard interference channel [5]. Z, Z11, Z21, Z12, and
Z9o are independent Gaussian noise with unit variance.

The considered half-duplex causal cognitive interference
channel is more practical than the cognitive interference chan-
nel [1]. The genie-aided assumption in the cognitive interfer-
ence channel that the cognitive user knows the information of
the primary user is impractical in real transmissions. In our
proposed scheme, the cognitive user obtains information by
decoding, which is more practical in the implementations.

III. TRANSMISSION SCHEME

In this section, we introduce a transmission scheme for
the half-duplex causal cognitive interference channel based on
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Han-Kobayashi, partial decode-forward relaying and Gel’ fand-
Pinsker binning techniques. In contrast to traditional binning
in dirty paper coding [4], we propose a modified binning tech-
nique called "Han-Kobayashi partial decode-forward binning”
(or HK-PDF-binning) which introduces a correlation between
the transmit signal and the state. The traditional dirty paper
coding binning is a special case when this correlation factor
is 0. This modification helps enlarge the rate region as it also
allows the partial decode-forward functionality.

A. HK-PDF-binning: A Causal Cognitive Scheme

In Gaussian channels, signal construction for the partial
decode-forward binning scheme is shown in Figure 2. This
scheme uses superposition encoding at the first sender, and
partial decode-forward decoding and binning at the second
sender. The first sender splits its message into three parts
(w10, w11, w12). In the first phase, S sends the codeword
X711 containing the message part wig. So decodes wig from
S1 at the end of the first phase. Note that neither Dy nor Dy
decodes during this phase. In the second phase, .S; sends the
codeword X5 containing all parts (wyo, w11, w12), in which
wy1 1s independent of w1g, and wyo is superimposed on both
w1 and wy1. Se now sends three messages: wa1, wes and wig.
wayo 1s superimposed on wsy; and conditionally binned against
wig (decoded from Sy in the first phase with its codeword)
given wy;. We introduce a correlation coefficient p between
the transmit signal X5, and the state X; to help improve the
rate region. For decoding, D; uses joint decoding to decode
(w10, w11, w12) using the received signals in both phases. Dy
decodes (wa1,we2) using the received signal at Dy in the
second phase.

1) Signal Constructions: Let the relative time duration be
7 and T for these two phases, respectively, where 7 + 7 = 1.
Let w; be the message to be sent by user 1 during a specific
block. S; divides it into three parts (wig, w11, wi2) with rate
(Rlo, Riq, ng) and encodes them into (Ulo, U11, U12).

In the first phase, the transmitted signals of S is

3)

where Uj is a Gaussian random variable with unit variance

that encodes the message part wy; a% is its power allocation.

Recall wyo is the cooperative message part, which is sent

originally by S7, decoded by S5 and then forwarded to Dj.

So does not send anything in the first phase but only listens.
In the second phase, the transmit signals of 57 is

X12 = aUio(wio) + B2U11(w11) + Uiz (wiz),

X11 = arUip(wip),

“4)



where U3y and Ujo, similar to Uy, are independent Gaussian
random variables with unit variance that encode the message
part wy; and wig, respectively. wi; is the non-cooperative
Han-Kobayashi public message part which is sent by S; and
decoded by both D; and Ds; wis is the non-cooperative
Han-Kobayashi private message part which is sent by S; and
decoded only by Di; a3, 33 and 73 are the corresponding
power allocations for the message parts wyg, w1 and wis.
Although the transmit signals in both phases contain message
part wig, the powers allocated to the message wig are dif-
ferent. Similarly, So divides its message ws into two parts
(wa1,waz) with rate (Ra1, Reo) and encodes them into Us;
and Usa, respectively. Sa does not send anything in the first
phase. Its transmit signal in the second phase is

Xoo = 0Uz1 (wa1) 4+ p(pUro(wio) + V1 — p?Uzz(w22)),
)

where wy is the cooperative message decoded from Sy; wo; is
the non-cooperative Han-Kobayashi public message part sent
by So which is decoded by both Dy and Ds; wso is the non-
cooperative Han-Kobayashi private message part decoded only
by Ds; p is the correlation factor between the transmit signal
Xoo and the state X11; 62, u?p? and p?(1— p?) are the power
allocations for the messages ws1, wig and was.
The Gelfand-Pinsker binning variable that encodes wao is

Voo = Xog 4+ AUso(wio), (6)
= (up + M)Uiro(wio) + OU21(w21) + pv/1 — p?Uza(wa2),

where we utilize binning technique to construct Vas. The
codeword for the message part wy is first decoded by sender
2, and then is treated as the known state to bin with Xos5. A is
the parameter for binning. This A is different from the binning
parameter in dirty paper coding [4], in which the codewords
for the signal and the binning state are independent. Here we
introduce a correlation factor p between them. This correlation
factor contains the functionalities of both message forwarding
and binning. We will give more discussion when deriving the
optimal binning parameter .

In the above, Uig, U11, Uj2, U2y and Usy are independent
N(0,1) random variables. The power constraints at S; and
Sy are

Tai + (a3 + 63 +73) = Pr,
7(u? +0%) = Py. (7

2) Decoding: At the end of the first phase, S5 uses forward
decoding to decode message w1 based on the received signals
from the first phase. The transmit signal for S; in the first
phase is X171 = a1 U19(w10), and the received signals at S5 is
Y as in (1), from which Sy decodes wig. D1 and Do do not
decode in the first phase.

At the end of the second phase, D; uses sliding window
joint decoding to decode (wig, w11, wi2) based on signals
received in both the first and second phases (see Y17 and Yio
in (1) and (2)). D; also decodes ws1, one part of the message
for source 2, but does not care if this decoding is correct.

Similarly, D uses sliding window joint decoding to decode
(w21, wsq2) based on the received signals in both phases (see

Y51 and Y59 in (1) and (2)). D4 also decodes one part message
wy; belonging to source 1, but does not care if this decoding
is successful.

B. Achievable Rate Region

Theorem 1. The achievable rate region for the half-duplex
causal cognitive interference channel using the proposed
scheme consists of the convex hull of all rate pairs satisfying

Ry < min{l + Iy, I5},
Ry < Iny,
Ry 4+ Ry < min{ly + I, I7} + 12,
Ry + Ry < min{ly + Is, I3} + 13,
Ry 4+ Ry < min{l; + I, Iy} + Lo,
2R; + Ry < min{ly + I, I3} + min{l; + Is, Io} + I12,

Ry 4 2Ry < min{ly + Is, I7} + 1o + 13, ¥
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where C(x) = 0.5log,(1 + z); 7 € [0,1] and p € [-1,1].

Sketch of proof: According to the encoding and decoding
procedures in Section III-A, we can get the rate region in
Theorem 1. I; comes from the decoding of wig at Sy. Io—Iq
are due to the joint decoding of (w19, w11, w12) for some waq
at Dy. I1p—I13 are due to the joint decoding of (ws1, wa2) for
some wy1 at Do. The rate analysis follows standard techniques
and is omitted here because of the lack of space. Details can
be found in [6] for interested readers.



1) The maximum R, and R,: The maximum rate for S is
achieved by setting S0 =0 =0, p=+1 and p = p4/ % as

max

Rmax _
1 I N
Ta]+7(a5+v3) <P

min {TC(CQO@ +7C(73),

rC(a?) + 7C ((0@ + b\/E)2 + 7§> } )

A solution for this optimization problem is available in [7].
Note that in the half-duplex mode, partial decode-forward
achieves a strictly higher rate than full decode-forward for
the Gaussian channel.
The maximum rate for Ss is achieved by setting 7 = 0,
p=0, 00 =as=pFr=72=0=0,and p= /P, as
RY™ = C(Py). (10)
2) Special case: PDF-Binning Scheme: In this scheme, S}
only splits its message into 2 parts: wyg and wiz (wy; = ()
and S5 does not split its message. wy is first decoded by So,
and then forwarded to D;. wiy is decoded only by D;. S

bins codewords for wsy against codewords for wig.
Set 52 = 8 = 0 in (8), we get the PDF-Binning rate region

2
2 2 — Y2
Rl < TC (C Oél) +TC (ZMO—W) 5
(a2 +bup)® +73
Prrl— ) +1)
2 1— 2
RQSTC(Mz( 3 p)>,
a®yy +1
where o, ai, 72 and p satisfy the power constraints

Ry <7C (o) +7C (

(1)

102 +7(a2 +132) < Py; 7u? < P (12)

Although this scheme cannot achieve the same maximum
rate for S7 as (9), it can achieve the maximum rate of (10) for
So. More important, since S7 and S5 reduces the complexity of
their message splitting, the encoding and decoding procedures
become much easier in practical implementations.

C. Analysis of the binning parameter

1) Optimal binning parameter: In this section, we will
derive the optimal binning parameters for the proposed half-
duplex scheme. The intuition for this optimal binning param-
eter comes from the binning variables in DPC [4]. However,
unlike the traditional binning procedure in DPC, we introduce
correlation between the state (U;g) and the transmitted code-
word (X22), as can be seen in (5) and (6). This optimal binning
parameter is obtained by maximizing the rate region in (8).
The terms dependent on this binning parameter are [1g — [13.
One interesting point is that we only need to optimize the term
for Iy in order to optimize the rate region. This is because
we can decompose the terms [1; — I13 into I;¢ and another
constant term that is independent of the binning parameter.

Corollary 1. The optimal parameter )\ for the proposed
scheme is

o a2 (1 = p%) — ppla®yy +1)

a*yF +pr(l=p?)+1

13)

a=0.6, b=0.8, c=1.5, P1=1.4, P2=2

0.8

o o
) ~
T T

o
5}
T

R2 (bps/Hz)

o
S
T

{ =2~ HK-PDF-Binning (-1<p < 1)
-8-DPC-Binning (p=0)

0.1 0.2 0.3

o

B------=---8"

o

08 09

o

0.6

e
3

0.4 0.5
R1 (bps/Hz)

Fig. 3. Effect of p.

Proof: The optimal A is obtained by maximizing the term
Io in Theorem 1. The detailed calculation for optimal A can
be seen in [6]. |

2) The role of the binning parameter: The signal compo-
sition at Sy, which consists of three parts, is shown in (5).
U1 contains the Han-Kobayashi public message part at So.
Ujp is the forwarding message part decoded from S; and is
also the state known to So. Usg is a part of the binning signal
in (6). Note that in this binning signal, the transmit signal
Xos is not independent of the state Ujg as in traditional DPC.
This is because the state is also forwarded by the transmit
signal. Therefore the optimal binning parameter functions
as both message forwarding and traditional DPC binning.
The correlation parameter p adjusts the portion of message
forwarding and DPC binning at S5. For example, if we set
p = £1, X995 will only encode wyy and wy; without any actual
binning, hence realize the function of message forwarding. If
we set p = 0, the proposed scheme becomes dirty paper coding
without any message forwarding. For 0 < |p| < 1, it has both
the functions of binning and message forwarding. When |p|
is approaching to 1, Sy allocates more power for message
forwarding; when |p| is approaching to 0, S acts more as
dirty paper coding. Thus, the proposed scheme generalizes
dirty paper coding.

The effect of p is shown in Figure 3. The dashed line
represents the rate region using only DPC-binning (p = 0),
while the solid line represents the region for the proposed
scheme when we adapt p € [—1,1]. Figure 3 illustrates that
the correlation factor p can enlarge the rate region.

D. Numerical Results

We compare the proposed schemes with the Han-Kobayashi
and other two known half-duplex coding schemes [1], [2]
in Figure 4. Devroye, Mitran and Tarokh propose four half-
duplex protocols in [1]. One protocol is the Han-Kobayashi
scheme for the interference channel, and the other three are 2-
phase protocols. All these 3 protocols decode the cooperative
message at the end of both phases instead of only at the end of
the second phase jointly, hence they are suboptimal and do not



a=0.55, b=0.55, ¢=3.1623, P1=6, P2=6

[
T
’
I

R2 (bps/Hz)

o HK VX )
---Devroye etal. scheme [1] |\ \{
— Chatterjee et al. scheme [2] |
- -'HK-PDF-Binning without PC| ™,
—-e—HK-PDF-Binning with PC »

=

L
1.2 1.4 1.6 18

e
3

0 0.2 0.4 0.6 0.8

1
R1 (bps/Hz)

Fig. 4. Comparison of the combined scheme with existing schemes. (PC =
power control)

include the partial decode-forward relaying rate. Chatterjee,
Wong and Oyman [2] propose an achievable rate region for
the half-duplex CCIC based on rate-splitting, block Markov
encoding, Gelfand-Pinsker binning and backward decoding.
But their scheme only covers half-duplex full decode-forward
relaying (when there is no binning) instead of partial decode-
forward relaying and hence achieves a maximum rate for
R; smaller than (9). Since both these existing schemes have
constant power in both phases, we plot the achievable rate
region of our proposed scheme in 2 cases: with power control
as in (7) and without (i.e. constant power). In Figure 4, we
can see that the proposed scheme is strictly better than these
three existing schemes either with or without power control.

IV. MAXIMUM NON-INTERFERENCE RATE FOR THE
COGNITIVE USER

In this section, we analyze the proposed scheme to find the
maximum R, the optimal parameter 7 and power allocations,
under the constraint Ry = C(P;). This problem has several
practical considerations. First, we are interested from the
practical point of view in the maximum rate that the cognitive
user can transmit while the primary user still transmits at an
interference-free rate as if undisturbed by the cognitive user.
Second, the optimal parameter 7 and power allocations provide
useful guidance for the practical design and implementations.

A. Corner Point Analysis

As an initial analysis, we focus on special cases and
derive the conditions, under which, we can solve analytically.
Although these cases do not solve the problem completely,
they are important bases for the more general cases and can
provide intuitions and guidance. These special cases are:

1) Strong interference: any cross link is strong:

Corollary 2. When a = 0, b is strong (V> > (1 + P)), or
b=0, ais strong (a*> > (1+ P)) or both a and b are strong,
Ry can achieve the maximum rate of C(P) while given the
condition Ry = C(Py).

c=1.5, P1=1.4, P2=2

071 -
0.6 4

0.59-0'0-0-9-9___@,.@-_&.0.0-9—9-6—0—0-0-0-0-9-9
T S

.- gl S SYURIFRRA

04r

t/R2

03

-e—-max R2 (b = 4)
-e-max R2 (b = 0.8)
—+—QOptimal T (b =4) |

01r

*******
W

-
1.2 1.4 1.6 1.8

*
*
*
I 4
*
*
L

o
o,
i’
o,
IS
o,
o
o
=)

Fig. 5. Effect of a.

All 3 cases above do not require cooperation among the
transmitter and the channel falls back to the classical interfer-
ence channel under strong interference. The optimal parameter
setting and maximum rates can be easily inferred from there.

2) Weak interference corner case: b is zero, a is weak:

Corollary 3. R, can achieve the maximum rate of

C (%124-1) while Ry = C(Py) if b= 0, a is weak (a < 1).
Since b = 0, there is no interference from cognitive to
primary user, the maximum Rj is achieved when we set

T=0,a1 =0y =P2=0,72=+/P,p=0,0=

Another weak interference corner case is when a is zero,
and b is weak. This corner case results in a complicated non-
linear optimization problem for which closed-form analytical
solution does not appear feasible.

B. Effect of a, b and c

We now numerically investigate the effect of the parameters
a, b and c¢ separately, and plot the relationships between the
maximum Rs and optimal 7 given that Ry = C(Py).

1) Effect of a: In Figure 5, we show the relationship among
the maximum R, optimal 7 and a while fixing other variables.
Some comments are of interest. First, when a is very large,
the maximum Ry is the same as that of ¢ = 0. This means
when the interference is strong enough, it is equivalent to
having no interferences, no matter whether b is strong or
weak. This is valid since, when « is large, D, receives more
useful information than noise from S;, and D> can decode
all the information from S;. Second, when b is very strong,
the maximum Ry can achieve C'(P,), which is the maximum
possible value for R», either if a is O or a is very large. This
also verifies the conclusion in Corollary 2. Third, when b is
strong, the optimal 7 to achieve C'(P,) is 0, meaning we only
have the second phase. However, when b is weak, the optimal
7 is nonzero. This is possible since, if b is strong enough,
what S decodes from S; in the second phase is enough for
forwarding. However, if b is small, the lack of forwarding

PQ,/LZO.



c=1.5, P1=1.4, P2=2

0. oo o—v
0.7 -
0l 0-0-6-0-0-0-0
s\
©-0-0-8%
05 ’\ - = =
o 1& - * \
€, r - ]
~ 1
e 1
1
03 ] 4
1
1
0zl \ -e-max R2 (a = 3)
-e-max R2 (a = 0.6)
01l —+—Optimalt (a=3) H
-+-Optimal t (a = 0.6)
5 02 oa 06 o8 1 T T T %t
b
Fig. 6. Effect of b.

messages in Sy will create a bottleneck. Thus, So needs an
extra phase to obtain the forwarding messages.

2) Effect of b: In Figure 6, we show the relationships
between the maximum Rs, optimal 7 and b under the same
constraint as before. We also give two different cases when
a is either weak or strong. Figure 6 provides supports for
Corollary 2 and Corollary 3. For example, when b =0 and a
is weak (see max Ro(a = 0.6)), and the maximum rate for Ry

is 0.6101 bps/Hz, which is exactly C (%fﬂ

Corollary 2 (see max Rz(a = 3)). Furthermore, the maximum
rate for Ry is the same either a = 0 or a is large.

3) Effect of c: In Figure 7, we show the relationship among
the maximum Rpy, the optimal 7 and c. Here we only give the
case when a and b are both weak, since when they are both
strong, the cooperation via link c is not necessary (see capacity
for strong interference channels [8]). The value for c starts
from 1.0 because the cooperative link between transmitters
should be no worse than the direct links; otherwise, there
is no incentive for the cooperation between transmitters. The
simulation result for the parameter c is different from that
of a or b. First, when ¢ increases, the maximum R, always
increases, and thus the maximum R, differs when ¢ = 0 or ¢
is strong. This makes sense because c¢ does not introduce any
interference to the transmission, thus for the value of ¢, the
larger the better. Second, there is a jump for 7 when c increases
from 1.0 to 1.1. This jump is valid since when ¢ = 1.0, the
channel between the two transmitters is no better than the
direct link. Since the cross link b < 1, there is no need for So
to forward the messages, thus 7 = 0. When c¢ is above 1.0,
the channel between the two senders gets better and S2 can
assist S to transmit. Furthermore, as ¢ increases, the optimal 7
decreases since a stronger cooperation link requires less time
for user two to decode the message from user one, leaving
more time for the forwarding this message.

). Similarly for

V. CONCLUSIONS

In this paper, we have proposed a new transmission scheme
for the half-duplex causal cognitive interference channel and
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derive the rate region for the Gaussian case. Our considered
binning scheme introduces a correlation between the transmit
signal and the state, which enlarges the rate region compared
with the traditional binning in dirty paper coding. Numerical
results show that this scheme achieves a higher rate than
the Han-Kobayashi scheme and two other existing schemes.
The rate region analysis for special channel settings indicate
that the cognitive user can achieve non-trivial rates while the
primary user still transmits at its interference-free rate. The
simulation results for different channel gains also verify this
analysis. These analysis and results show that realistic overlay
cognitive communications in the causal case is also beneficial.
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