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Abstract— This paper outlines a low-cost technique for reduction of hardware resource in a FPGA device [2]. Ad-
detection/demodulation of high-order squareM-ary quadrature  ditionally, it makes use of non-linear function that sinfipli
amplitude modulation(M-QAM), M = 4, 16, 64, 256, 1024, and the implementation of HDR approach with finite-precision
4096, in afield programmable gate arrayFPGA) device. Hence, (i.e., unsigned fixed-point).
it is very interesting for advancing high-speed power line The performance of the proposed technique is analyzed
communication technology. The proposed technique is based when the signal is corrupted by the presence of background
on a so-called heuristic decision region approach combined AWGN andadditive impulsive Gaussian noi¢&IGN) [3].
with a nonlinear function that allows to simplify the hardware =~ The numerical results indicate that reduced performance
implementation of detection and demodulation for a high-oder losses are noted fav/-QAM, M =4, 16, 64, 256, 1024, and
square M-QAM symbols. The performance evaluation of the  4096. The FPGA implementation of the proposed technique
proposed technique is carried out when the channel iadditive  is accomplished witlhardware description languagéiDL).
white Gaussian nois€ AWGN) and additive impulsive Gaussian The analysis of hardware resource demand reveals that the
noise(AIGN). The attained results, in terms of bit error rate vs. proposed technique is the one with the lowest hardware
energy per bit to noise power spectral density ratio £,/No), resource demand and latency.

indicate that the use of the proposed technique offers redwr This paper is organized as follows. In Section IlI, the
performance losses. Also, its implementation in a FPGA deweé  problem formulation is arisen. HDR approach is shown
demands the lowest hardware resource and latency. in Section lll. Section IV provides a description of the
proposed detection strategies for high-ordérQAM used
I. INTRODUCTION in the FPGA implementation. The simulation results and the

computational burden analysis for FPGA-based implemen-

Curren_tly, _the development of spectral eff|C|pnw_er I|_ne . tation of the proposed strategies are shown in Section V, and
communlcatlo_r(PLC) systems fqr broadban.d application in finally, Section VI presents the conclusions of this paper.
low- and medium-voltage electric power grids demands the '

use of high-order digital modulation techniques, liké- Il. PROBLEM FORMULATION
ary quadrature amplitude modulatiq@d/-QAM), capable of
transmitting a high amount of bits per symbol. Consequentlym
the process of detection in the demodulator, which reptesen
a computational cost, must be carefully considered to desig
such systems.

Although themaximum likelihoodML) criterion is an op-
timum detection technique fadditive white Gaussian noise Y =X +V 1)
(AWGN) channels presenting messages of equal probability, ’ ’
this technique requires large computational requirementwherey is the channel output vectox;, i = 0,1,..., M —
to calculate the Euclidean distance between the received is thei-th constellation point associated with the binary
symbol and all other points of the QAM constellation [1]. messagen;, which lenght islogs(M), andv is the additive

One of the main challenges in modern digital commu-noise vector.
nication systems is to reduce the computational complex- For this contribution, we assume that can be a point
ity. In this regard, this paper outlines a low-cost detec-in a squareM-QAM constellation, such thaf/ = 27,
tion/demodulation technique for high-order squafeQAM n = 0,2,4,6,8,10,12. Additionally, a Gray code similar
constellations. to the one employed in IEEE 802.16 standard [4] is con-

The proposed technique is based on the so-chkedistic  sidered. Fig. 2 presents the Gray-mapped constellation for
decision regionHDR) approach that allows a considerable 16-QAM, in which the least significant bit i&, and the

A modulation and demodulation scheme for digital com-
unication can be depicted in Fig. 1. In this figure, func-
tions f(.) and g(.) implement the modulation and detec-
tion/demodulation techniques, respectively. Also, tharch
nel output, which is corrupted by additive noise, can be
expressed by
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v to demodulatelM -QAM symbols corrupted by AWGN or
m; X; y -y AIGN?
— f() g9(.) — The analysis of AIGN is part of the question (ii) because
the additive noise in the PLC channel can be modeled as
Fig. 1: System model. [6]
V= kagr + Vb + Vpa + Vps + Vimpa (3)

most significant bit i$;. The remaining constellations can in which vy, is the background noisey,, is a narrow

be generated using the same rule. band noisey,, is a periodical impulsive noise asynchronous
to the fundamental component of power systes), is a
Q periodic impulsive noise synchronous to the fundamental
bibo component of power system, and, finaMy,,,,, is an asyn-
01 . e 3 . chronous impulsive noise, which is the hardest one due to

its unpredictability and high power.
In this contribution, is assumed that

00 . e I+ e .
_3} 1} 11 31 [ V= kagr + Vps + Vimpa (4)
10 . e -1 e .

becauser,; can be mitigated and,, + v,s; can be consid-
ered as one component. In this model, for AIGN, we assume
11 . e 3 o o that Vpigr ~ N(0,0%), a random variable with Gaussian
distribution and mean equal to 0 and varianéerepresents
the colored background noise;s ~ N(0, K10%) denotes a
periodic component with arriving interval,., ,s = (1/2fo)
s, in which f; is the power frequency of electric system,
Fig. 2: 16-QAM constellation map [4]. and time duration of., ,s = 100 us located in(n/2) fo,
n=0,1,2,... And alsoV,,,, ~ N(0, K20?) represents an
In the system model(.) = [f(.)]~! if v = 0. However, impulsive component with interarrival timg,, ;,,,, mod-
if v is a random variable, the channel is AWGH{x;} = 0, eled as an exponential random variable with mean equal
X; isi.i.d. (independent and identically distributed), then, theto 100 ms and time lasting of, imp = 100 us. The
detector which provides an optimal solution in the ML senseconstantsK; and K, are specified in order to generate
is expressed by noises with different levels of severity. This model is dalpa
of representing PLC scenarios with high severity once the
» impulsive noise is modeled as white and Gaussian, what
make it possible to emulate the worst case scenario. In all
the simulation results shown in this work; = K5 = 20

11 10 00 01 bsb,

i = mg if |y = x> <y —=x;|1* , V4,5 =0,1,.., M —1

The ML detector for AWGN channels has an intuitive
physical interpretation, in which the decisiof; corre-
sponds to the symbad; which is the nearest one to the out-

put of the channel vector, in terms of Euclidean distance. Iftion of (2) in a FPGA device that try to offer directions

;[/r:; Cl?)r\)vsgﬁt'%?a?i'gﬁélscin%al:éﬂe (.al_vhaéug'rgg g;r(]ﬁ)oﬂ)?sai (io answer the first posed question. Directions to answer the
y P piexity. econd question are presented in Section V.

when the constellation size is huge, e.g., a new generation

of PLC modem will make use o2'°-QAM constellation

size [5]. As a result, the low-cost implementation of high- [1l. HEURISTIC DECISION REGIONS

order QAM modulation/demodulation needs to be addressed ) . ) .

in order to make the high-speed PLC modem commercially AAccording to the theory, the decision region using a ML

feasible. detector for each message;, i = 0,1,2,..., M — 1, for a
Usually, modulation and demodulation techniques reduc&duareM-QAM modulator is defined by

to mapping and detection/de-mapping procedures, respec- A

tively. Then, the introduction of a low-cost detection tech D; = {ylpyx (Y]i) = pyx (Y]4) Vi # i}, (5)

nique that works together with the demodulation is a timely

and important issue to be considered. In this context, thevherepy, (y|i) is the conditional density probability of the

Section Il details an efficient and low-cost implementa-

following guestions can arise: channel. The decision rule is provided by (2) and demands
i) How to implement the detection technique in (2) with @ huge computational complexity for high-ord&f-QAM
low-computational complexity in a FPGA device? constellations. Another decision region is defined as ¥dto

i) What kind of performance losses can be noted if the Definition: A heuristic decision regionfHDR) for the
low-cost implementation of (2) in a FPGA device is applieddetection of each message;, : = 0,1,2,..., M — 1 for
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a squareM/-QAM modulation is defined by

where

Df. =

9

R(.) and &(.) denote real and imaginary components of

D;

D}, ifi,j <0
é Dr+1g
7,7+1

ylid < R(y) <
for —
ylid <R (y) andjd <3 (y) <

fori—@—l

for —

fori=7j =
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(j+1)d
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comparison operations that demand lower hardware com-
plexity to be accomplished than the former operations.

Additionally, variations of the HDR can be devised by
taking into account the ML detector. For instance, a mixed
ML + HDR detector can be designed 3fi replaced and
the ML criterion is applied in each four-point constellatio
defined by the HDR.

In the hardware description, for a FPGA implementation
of HDR, the detector is defined by comparators that eval-
uates the input vector in order to assign it to one of the
predetermined detection regions, then each detected igoint
associated with an output throughl@k-up table(LUT).

The detection and demodulation functions can be combined
into a single block, since it is possible to merge their
functionalities on a single LUT and minimize resource.

Even for this same detection technique, it can be found
different ways to implement it, which require different
amounts of hardware resources. Thus, it was implemented
the HDR technique using state machines in order to take
advantage of procedures found in modern synthesis tools
for this kind of hardware description for FPGA device.
Coding thehardware description languag@iDL) properly,
ensuring that modern synthesis toll recognizes a piece of
code as a state machine, allows the tool to recode the
state variables to improve the quality of results, and adlow
the tool to use the known properties of state machines to
optimize other parts of the design. When synthesis recegniz
a state machine, it is often able to improve the design area
and performance [7].

State machines offer an interesting and powerful alterna-

y, respectively;d is the minimum distance in accord with tive to implement HDR approach. Since the region scanning

the theory for digital communications. Fig. 3 illustratbe t

is implemented sequentially, each quadrant checking can

decision regions provided by (6) for 16-QAM constellation. be defined as a different state. Fig. 4 illustrates the state
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diagram of the in-phasd) and quadrature(f) components
implemented for detecting 16-QAM. In this figure, the
distanced between consecutive points is properly chosen
to being equal to 2, the states are represented by circles
and the transitions between states represent the symbol
detection. For instance, if a received symbol has a quadratu
component bigger than unity, it will change for the> 0
state.

/\ !data valid

Fig. 3: Heuristic decision regions for 16-QAM.

Despite of the complexity related to its formulation, the
HDR approach has a tremendous impact on the implemen-
tation of M-QAM in a FPGA device. Essentially, sum,
subtraction and multiplication procedures are exchanged b

Fig. 4: State machine for 16-QAM detection.
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The system starts in an idle state and waits for a valid data. Now F(z, A, K,) can be expressed by

Once the inputis valid, the machine changes the curremt stat z
: . . 0 A < =Ky
according to the input value until get one of the four last . B
states. Each one of that states generates a different output§ (2, As, K;) = LAA + K, + 5J AL S Kq
value and put the machine back to the idle state in order to 2K, , AZ > K,
perform a new iteration. (12)
where |.] is the floor function and it returns the greatest
IV. THE PROPOSEDIECHNIQUE integer smaller than or equal to the input value anzi€ R,

an input variable.

In the implemented system, the signal entering the re-
ceiver is set with 32-bit floating point, in order to repretsen
data with infinite precision. The detector receives the data

The proposed modulation and demodulation/detectiorils
technique forM-QAM modulation is drawn in Fig. 5.

- l,év y y s with 32-bit fixed-poin_t and unsigned integer defined by the
— 0 Moo T S g(.) " process of quantization.

V. NUMERICAL RESULTS
Fig. 5. System model for the proposed technique fd¥ To carry out simulations to verify the performance of the
QAM detection/demodulation. proposed technique, the parameter energy per bit to power

spectral density ratio K;,/\;), showed in the following

In this proposed technique, the blogk.) perform clip- figures, represents the ratio between the energy of the-trans
ping, offset and quantization operation; and the blg¢ly ~ Mitted bit and the PSD of the background noigg,,, for
implement the HDR approach to detett-QAM symbols.  AWGN or AIGN assumptionsE, = 0 dB andNo=07,,,.

The clipping operation is applied to restrigtinto one  E»/No values range from 0 dB to the point where BER
of the square tile defined by the HDR approach. Thelbit error rate) reached the value 6—°. The 2"-QAM,
offset/translation operation have to be considered becaus” = 2,4, 6,8, 10, constellations are taken into account. For
in this context, it is more efficient to work with unsigned €ach point in the BER«< E;, /N, it is established a value
integer numbers than Signed ones, since it can be reduc@ﬂ at least 150 errors to stop the simulation. Table | lists
one bit. The quantization of real and imaginary componentélifferent configurations of the proposed techniques thit wi
of y allows the FPGA to reduce the computational complexPe analyzed in this section.

ity during the detection process. In fact, the comparators f . )
HDR implementation in a FPGA device will work with the TABLE I: The description of the proposed detection tech-

number of bits used in the quantization process. The outpdtidues forA/-QAM symbols.
of F(.) block is expressed by

Technique Technique Description
Vo =FR(y), As, Ky) + i3 (S(y), As, Ky), (8) HDR HDR detection
ML ML detection
whereA; denotes the step-size for amplitude quantization, HDR/4-ML HDR detection followed by
K, the value for offset/translation, arg{.) is the function ML detection in 4-point regions.
that implements the clipping, offset and quantization eper HDR/16-ML MLHd%ig?;ﬁcitﬁ]oggfi)'gme?eg%ns.
ations. HDR/64-ML HDR detection followed by
We assume that ML detection in 64-point regions.
HDR/256-ML HDR detection followed by
2N _1 ML detection in 256-point regions.
Kq= 5 9) HDR/1024-ML HDR detection followed by
ML detection in 1024-point regions
in which N is the number of bits applied to quantifgy)
or 3(y). Also, the step-size is given by The performance comparison among these configurations
of the proposed technique and the traditional ML criterion
(\/M— 1) based detector are illustrated in Figs. [6-11], in which the
A, = WCL (10)  performance of the system in the presence of AWGN is

always better than the performance of the system in the
whered is the minimum distance (in one direction) betweenpresence of AIGN. For the sake of comparison, in these
two closest points of thel/-QAM constellation and it is figures, it is included the theoretical curves obtained for
expressed by M-QAM when the channel is AWGN. Based on these
6y simulation results, one can note that reduced performance
V1 (11)  losses are incurred by the proposed techniques if the channe
is AWGN or AIGN. The largest performance losses in com-
in which Ey is the M-QAM symbol energy. parison with the theoretical curve for AWGN is presented

d:
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in Tab. Il.

In terms of hardware implementations, it can

be concluded that none of configurations of the propose
technique yields results that undermine the communicatiol
system performance.

TABLE II: Performance losses due to the use of the pro-
posed detection strategies for the implementation\Hf
QAM. The losses are related to the theoretical curves fo

AWGN.

Modulation | Largest Variation Detection Technique
4-QAM 0.03 dB HDR
16-QAM 0.03 dB HDR and HDR/4-ML
64-QAM 0.08 dB HDR
256-QAM 0.15 dB HDR

1024-QAM 0.03 dB HDR/256-ML

4096-QAM 0.11 dB HDR/4-ML

Table IIl presents a comparison of the numberlagfic
cells(LC) and DSP blocks (DSP), memory used (Mem.), the
maximum restricted frequency,..) of operation and the
system latency for 16-QAM implementation. The collected
data were considered in the worst case on a Altera Strati
Il EP3SL150F1152C2 FPGA device [8].

TABLE |llI: Attained results with the implementation of
the proposed strategies for 16-QAM detection in the Altere
Stratix 11l EP3SL150F1152C2 device.

Technique LC | DSP | Mem. Frax Latency
HDR 56 0 0 500 MHz 1 clock cycle
State Machine| 64 0 0 500 MHz 3 clock cycles
ML 409 32 0 226.35 MHz | 4 clock cycles
HDR/4-ML 331 64 0 204.04 MHz | 4 clock cycles

BER x Eb/N0 — Modulation 4-QAM
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Fig. 7: Performance comparison for the proposed models -

16-QAM constellation.

BER x Eb/NO — Modulation 64-QAM
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Fig. 8: Performance comparison for the proposed models -

64-QAM constellation.

demand the lowest hardware resources and latency when it is
implemented in FPGA device. The FPGA implementations
of HDR configuration for the othet/-QAM were accom-
plished. The hardware resource and the latency for these
implementations are presented in Tab. IV. One can note that
HDR configuration demands only logic cells of the FPGA
which number for each constellation point reduces from 1
to nearly 1/5 whem\/ moves from 4 up to 4096.

VI. CONCLUSION

_ ) In this paper, it was discussed the digital design, simula-
Fig. 6: Performance comparison for the proposed models tion, and FPGA implementation of a low-cost high-order
square M-QAM detection/demodulation technique, using
Altera design tools and simulation software.

Based on the values presented in Table IIl, it can be A comparative analysis for symbol detection with ML
noted that HDR configurations of the proposed techniqueriterion and HDR was provided. It was also proposed



The  International Telecommunications Symposium (ITS 2010)
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Fig. 9: Performance comparison for the proposed models Fig. 11: Performance comparison for the proposed models
256-QAM constellation. - 4096-QAM constellation.

BER x Eb/N0 — Modulation 1024-QAM

10 % performance with reduced computational burden.

: ' In addition, from the observation of results obtained in
1 computer simulations with different strategies for deatert
symbols, it could be seen that only minimal performance
degradation between these and the theoretical curves drawn
for each of the modulation schemes proposed is achieved.
Since the biggest difference between the performance surve
in terms of BERx Ej, /Ny, showed relatively small value,
either detection alternatives presented would lead tes-sati

factory results for the process of demodulation. Thus, the

5 HDRI4-ML-AIGN best results can be attributed those strategies that haat few
107} il : resource request, that is the HDR approach.
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