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Abstract— Achieving high data rates and low error rates are of the packet. In [5], Zhang and Kassam outlined a hybrid
vital in wireless communications. High data rates can be achieved ARQ protocol for rate-compatible codes in fading channels
using higher-order modulation such asM-ary QAM. Low error a4 selectively combines a subset/ofeceived transmissions.
rates can be achieved by multiple transmissions of the same In [6], Narayanan and Stuber developed an ARQ receiver using
packet. In this paper we propose to use a packet combining ’ . i }
method based on bit-to-symbol mapping, where the mapping is €Iror correcting codes where the extrinsic information from
varied for different transmissions of the same packet to achieve the decoding of previous packet is reused. In [7], Gidlund
diversity. Analytical results are shown to agree very well with showed that packet combining can effectively enhance the
simulation results. Our simulation rgsults show that the proposed performance of IEEE 802.11a WLAN system. When the
method outperform a packet combining scheme employing Chase . Lo . . .
combining where the same mapping is used in all transmissions. signal CO.nSte_”at'o_n is the same in each transm'ssf'on Cam?d
For example, at a BER of10~3 the LLR based mappings resultin OVer an time-invariant channels, the so-called maximum ratio
about 2 dB of E, /N, advantage compared to the Chase combined combining (MRC) is optimal and boils down to averaging
scheme of the received signals. The average data corresponds to a
transmission over the channel with higher signal-to-noise ratio
(SNR) which increase%-times after transmissions.

The recent rapid growth in wireless communications has led
to the demand of high data rates and reliable communicationsA method to achieve packet combining diversity is to em-
Unfortunately, the wireless channel medium contains mulloy bit-to-symbol mapping diversityvhere the bit-to-symbol
path fading which can limit the systems performance. Higherapping in M-ary modulation is varied for each packet
order modulation (e.g.M-QAM, M-PSK) is attractive to (re)transmission. This results in improved packet combining
employ for wireless communications due to the high spectpa¢rformance in terms of reduced packet error rate (PER)
efficiency it provides [1]. In packet communication systemgompared to a system without symbol mapping diversity
packet retransmission is often requested when a receij8l In that paper, the authors proposed to view the signal
packet is detected to be in error. This scheme, termed aonstellations of the modulation scheme in an augmented
tomatic repeat request (ARQ), is intended to ensure extremslgnal space formed by the modulation signal dimension and
low packet error rate. During the ARQ process, the santlee humber of retransmissions. That augmented signal space
data is sent until recovered without errors. The efficiency pfovides a good spread for the modulation signal points and
ARQ can be improved by reusing the data from previouke error probability is increased. One open question in the
(re)transmissions instead of discarding them. This technigbie-to-symbol mapping diversity scheme is how to choose the
is termed hybrid ARQ. In [2], Chase introduced a packetptimum mappings for different (re)transmissions. ForMdn
combining scheme where the individual transmissions aaey constellation, there ar&/! possible mappings to choose
encoded at same code rale If the receiver had. packets from.
that have been caused by retransmission requests, the packet
are concatenated to forms a single packet of lower rate code ifn this paper, we will use thiog-likelihood ratios(LLR) of
rate R/ L. Other works on packet combining methods includihe bits forming al/-QAM symbol in the optimum selection
[3]- [7]. In [3], Harvey et al proposed a version of packetof mappings. We propose to choose the mappings for multiple
combining wherel, packets are combined into a single packdte)transmissions such that the sum of the magnitudes of the
of the same length as the original transmitted data packet byR of the bits forming theM-QAM symbols in different
averaging the soft decision values from the constituent packdtg)transmissions is maximized. The rest of the paper is
In [4], Kumagi et al presented a maximal ratio combiningorganized as follows: The system model and the mappings
(MRC) frequency diversity ARQ scheme for OFDM systembased on LLRs is described in Section Il. In Section Il
which works such that in every retransmission, the differean BER analysis of the proposed scheme is presented, the
symbols of the OFDM blocks are transmitted on differemumerical results is presented in Section IV and finally we
subcarriers, and then employs MRC on the previous versiatenclude the work in Section V.

I. INTRODUCTION
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Fig. 1. Bit-to-symbol mapping diversity scheme.

I[l. SYSTEM MODEL AND MAPPING BASED ON BITLLR from [1], that f; s n(3k]s,h = a) = Ul—ﬁexp(l/ﬂnék -

Let us consider a bandwidth efficiedt-ary modulation h«|[*), then we can rewrite (4) as
scheme as in Fig. 1, where a data bldgkconsisting ofb =
log, M bits, which are mapped to a point in the signal constel- D wes® exp(—1/0?|[3), — hall?)
lation via a bit-to-symbol mapping function, and this signal A, (b;) = log ( - ot — hall? > 5)
point«(B) is transmitted over the channel. In order to achieve 2iaes® XP(=1/0%][5) = hall?)
packet combining diversity, the same bits may be transmittedThe expression in (5), can be further simplified by using the

more than once. Lef, be the number of retransmissionsapproximaﬁonog(zjexp(_xj)) ~ —min,;(z;). By defining
The data blockB can either be retransmitted by using the _ 3 — ¢ 1 4 wheren is a complex Gaussian r.v with

same bit-to-symbol _mapping in all trans_mi_ssions, or vary t%riance02/||h||2 and using the above approximation we can
bit-to-symbol mapping in each transmissian, s, - -, ¥;. simplify (5) to the following:
Assuming that the transmitted symbolndergoes fading, the

received signaly;, (after multiple transmissions) can then be
written as Aoy (bi) = @ l min (|[5]|* — 22161 — 2zqf0)~
Best”
yi = hbi(s) +ny, i=1,2,--- L, Q)
whereh is the complex fading coefficient with{||1||2} = arél;?n("a”z ~ 2701 — 22q00) ©)

Q, and the r.v's|h||’s for different symbols are assumed to be
i.i.d. Rayleigh distributed. Assuming perfect knowledge of thﬁ
CSl at the receiver, the combined signal output for s ol S i o i
is given bys, — hs; + Cy, we definec %s a corFr:pIex ggur?s@ianthe set partitionss”) and S\ is delimited by horizontal or

random variable with zero mean and varianice®. Let us vertical boundaries. To find the optimum mappings for bit-

define the log-likelihood ratio of bib;, i — 1,2,---,b; as to-symbol mapping diversity we take advantage of the soft
following: ’ T information given by the LLRs of the bits forming the QAM

symbol. We will iteratively compute théth mapping from
the L — 1 previous mappings. We define the sum of LLRs of

wherez = z; + z;0,a = a5 + jag and 8 = §; + jfo.
considering a square or rectangular QAM constellations,

Pr(b; =1y, h) a qi P : ;
o= i =1y, 1) given bit in the previous — 1 mappings as
Aa (b)) = log (Pr(bi = 0ly, h) @
- Pr(b; = 1|3, h) =
- (Pr(bi = 0l3x, h)> © D=2 @

=1

i isi i ide=1i i) > —(1) . .
The opUmum decision rule is to decide = 1 if A(b;) > 0, WhereA(v%-) is defined as the averagddcomputed for théth
and 0 otherwise. Furthermore, we also assume that all sym oks v

are equally probable and that fading is independent of t c of the jth symbol in the mapping of théh transmission

transmitted symbols. According to Bayes’ rule, we can rewri(?nd the averaging over the noise samples. Furthermore, We
' ' efine¥ as the set of mappingg/(| = M!). To choose thé.th

2 as mapping we need to solve the following optimization problem
> aes® faplsn(3kls,h = a) M logy M
« ; ) o ()
As bz =lo L - 4 cwv , + Az , 8
» (8 : <Eﬁesi(°) f§k‘8,h(sk‘3?h =0) “) YL 32::1 ; le(é, 7) J | (8)

whereS} andS? is defined as the set partitions that compro- By using the above optimizing procedure we can construct
mises symbols witlh; = 1 andb; = 0, respectively. We know new constellations for next retransmission. To show the results



of this procedure we consider 16QAM and the first transmisgh; ; - PF

b1|3k1=—d}'

sion is given in Figure 2. If an error is caused we can construct

the next retransmission as outlined above and the result is
showed in Figure 3. With a close inspection we can see that the
squared Euclidean distance has increased between the signal = Pr <
points in this second mapping compared to if we should have
been using the same mapping as in first transmission (Figure

= P?"{Ask(bl) < 0|Sk1}

PbllskI:—d,H

()

2). -
2
I1l. D ERIVATION OF PROBABILITY OF BIT ERROR = Q 1/%
0
We derive the probability of error for a bit,: = 1,2, 3, 4, 1 2E, /N,
forming a 16-QAM symbol. Let us consider the signal map- = = <1 — \/T> (15)
ping in Figure (2) and we focus on the LLR bit decision. 2 5+ 2Ep/No

Consider2d as the spacing between adjacent symbols ajthere 5, = o2/2. Similarly, the error probability for

based on the definition of bit LLRs in previous section, thgx

LLRs for the bitsb, b, b3 and by for the first mappingy,
can be obtained as

—HhHQZ’[d |Z]| S 2d
Ao (1) = ¢ 2||n)|2d(d — 21) 2 > 2d 9)
—2(|h||2d(d + z1) 2 < —2d
—|[hl[*zqd 2q| < 2d
As(b2) = 9 2/n|2d(d — 20) 20 > 2d (10)
—2[|h]|2d(d + 20) 2o < —2d
Asy (bs) = [|R][*d(|21| - 2d) (11)
As, (ba) = [|h][Pd(|2q| — 2d) (12)

The probability of error for bitb; in symbol s, k& =
1,2,---, K. Then we can writeP} as

k _ k
Pbl - Pbl
k

b1|Sk;=—3a

- Pr{sg, = —d} +
“Pr{si,=—34} +

[sk;=—d

Py g,y Prise, = d} +
Pljgl‘SkI::}d ’ PT{SkI:Sd} (13)
Let si, represents the real-part of. Consider thaP}ﬁ‘Sk .,
is given by 1
k o —
Pb1|8k1:—d = Thilsk,——a (14)

where the overline indicates averaging over the complex R.V Py, —o = Pr{A1(b1) + A2(b2) > O[sg,, , Sky, }

is given by

bi|sk;=—3d,H

pF = Pr{A; (b1) <Ofsk,}

bil|sg,;=—3d,H

_ pr(ﬁﬁggd)
o)

_ [36L4||h|?

= @ 5N,
1 | 18E,/Ny

= |1—y/—0 16
2( 5+18Eb/N0> (16)

The BER expression for the bits, b5, b3, by of the symbol
s, can hence be written as:

1
Py =P, = 5Pl + Py) (17)
1
P, =P, = (2P0 + Py + Py) (18)
Hence,P,, can be given as
1 1 2E, /N 1 18E}, /N
Py =2 |1-= bo/No 1 WMo (1)
2 2\ 5+2E,/N, 2\ 5+18E,/N,

The error probabilities foP,, and Py, (P,, = P5,) can be
obtained as

b L1 2myNg 1] 18E/N,
b T 2 2\ 5+2E,/N, 2\ 5+ 18E,/N,
1| 50E,/No

2\ 5+ 50E,/N,

Then, for the second mapping, and taking into account
the different decision boundaries for a symbol in the two
different mappingsp, |s; = 0 can be written as

: (20)

(21)



and Py, |s; = 1 is given by b

Pypjsymo = Pr{A1(by) + A2(b2) < Olsk,, sk, ) (22) by 101 10Qhy | 0t 0gg!

where Sky, > Skp,, are the real parts of the symbol sent in 1010 1000 0000 0010
the two mappings/;, 2, respectively. Then we follow the ° ° ° S
same procedure as previous and finally the average BER of d 3d
the systemp,, is given by

|
!
1110 1100 0100 0110
[ ] [ ] [ ] [ ]

K
1
Py=—=Y P} (23) b,
K
k=1 b,| 1111 1101 0101 0111
) o _ 4 @ ) [ )
We see that the complexity of the analysis increases with
L. This is because in the this case the decision boundaries

for a given data block is changing from one transmission to
another Fig. 2. First mapping

IV. NUMERICAL RESULTS

To evaluate the performance of the proposed packet retraggmbols in different transmissions is maximized. The obtained
mission scheme, we will compare the scheme with an AR§mulation results shows that the proposed method with select-
scheme employing Chase combining. The scheme is evaluateg the mappings by the LLR methods results in better BER
over a Rayleigh fading channel which is described by Jakeierformance than utilizing Chase combining.
model [9]. The carrier frequency. is set to 5.8 GHz and the  Furthermore, the proposed method also worksX¥pPSK
sampling ratef; as12.5 KHz. In Fig. 4, we illustrate the BER modulation. We observe, that even if the constellations are
performance of the scheme using LLR based bit decision foptimized using the LLR method, the optimized mappings
the case ofL = 2 for 16-QAM. The optimum mapping basedgive reasonable gain of 1 dB for coded transmission which
through maximizing the LLR metric are used. It is observeghay justify additional complexity required by the detection
that both analytical and simulations results agree. algorithm.

In Fig. 5, we show the BER performance comparison
between our LLR based mappings versus the Chase combined ACKNOWLEDGMENT
scheme. We can observe that the LLR based mappings result ifhis work was performed at the FASTSEC Marie Curie
a better BER performance than the Chase combining approabtaining Site, Department of Informatics, University of
For example, at a BER dfd—* the LLR based mappings resultBergen, Norway under grant no HPMT-CT-2001-00260. Pro-
in about 2 dB of £, /N, advantage compared to the Chastessor Tor Helleseth is acknowledged for his insightful and
combined scheme. Since it difficult to perform an analysis f@enstructive comments.

L = 3,4,...,L — 1, we obtained the performance plots for
L = 3 through simulation. S o ' y

The derived LR can be used as soft inputs to an Viterf] J, Foaks Dot Conmunieatons frence il i Sor, 2008

decoder for decoding convolutional codes when QAM modula- for combining an arbitrary number of noisy packet$ZEE Trans.
tion is used. An example of such application is IEEE 802.11a. Commun.yol. 33, pp. 385-393, May 1985. _
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Fig. 4. BER performance of the LLR based scheme for 16QAM:= 2.
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Fig. 5. BER performance comparison between LLR based mappings and
Chase combining in Rayleigh fading. = 1,2,3
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Fig. 6. Comparison of the BER performance of 16-QAM with a) LLRs as
soft inputs, b) hard decision inputs to the Viterbi decoder in i.i.d Rayleigh
fading channel. Uncoded 16-QAM system performance is also shown.



