Carrier Offset and Channel Estimation for
Cooperative MIMO Sensor Networks

Ronald A. lltis, Shahnam Mirzaei and Ryan Kastner
University of California
Santa Barbara, CA 93106-9560
E-mail; iltis@ece.ucsb.edu
Richard E. Cagley and Brad T. Weals

Toyon Corporation
Goleta, CA 93117

E-mail: rcagley@toyon.com

Abstract— A cooperative MIMO network is considered with N Single-antenna 1.) Event occurs
sensors and a collector node withM. antennas. In a practical sensor field 2.) Sensors perform estimation
implementation of this network, the sensor carriers have réative 8.) A synchonization packet
frequency offsets which must be estimated along with the MIND time-aligns sensors
channel. Generalized successive interference canceltati (GSIC) 4.) Data is transmitted using
is proposed for this joint estimation problem. The primary distributed STC
operations in GSIC are correlation, FFT and cancellation. A
reconfigurable hardware (FPGA) implementation of these GSC
primitives is described. A hybrid analysis/simulation for symbol
error probability (SER) is presented with results for GSIC using
Alamouti and G2 codes.
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I. INTRODUCTION

In a variety of scenarios, it is difficult or impossible for
wireless sensor nodes (WSN) to achieve link connectivity du

to their sparse resources including limited transmit power z
While temporal coding or higher transmit power can be used

to increase connectivity, these solutions are counter & th

spirit of low-cost embedded wireless nodes. In addition, a Fig. 1. Overview of operational concept.

WSN may only infrequently need to reach a receiver that
is not co-located; it is not cost-effective to equip nodes
with capabilities that will be rarely used. In this paper we . . i -
provide an operational overview of our cooperative MIMCS’ptImal maximum-likelihood (ML) me_thod. Specifically, éac_
concept, discuss the GSIC algorithm for the difficult profle stage of GSIC corresponds_ to t_he single sensor ML sqlutlon
of joint channel/carrier/offset estimation, and addresseband for c_hannel/offset/delay est|mat|qn based on cancefiatb
implementation in reconfigurable hardware. previously estimated sensor received waveforms.

We consider a network wittV, single-antenna sensors and In order to rapidly evaluate GSIC performance, a hybrid
an up“nk to anM,. element collector node. The Concep@.nalySiS/SimUlation method for SER evaluation is pre:ténte
is shown in Figure 1. It is assumed that thé& sensors based on union bound and nearest-neighbor (NN) error rate
have a common pool of dafla to transmit, representing for appI’OXimationS. It is shown that the Ol’thogonal columnsnn a
example the estimated position/velocity of a jointly tradk OSTBC [5] lead to a distance-preservation property forrerro
target (labelecEvent in the figure). Cooperative MIMO has Sequences and thus a simple computation of the NN error rate.
been proposed as a method for achieving longer range and/dn the hardware development section of the paper we discuss
lower power by forming a virtual array with the sensor&F and baseband design issues. Our primary focus for RF de-
[1][2][3]. However, unlike point-to-point MIMO, the sens® sign is to achieve stability of the voltage-controlled datdrs
cannot phase-lock their upconverters or symbol clocks, a(MCOs). A secondary consideration is high sensitivity to a
thus these parameters must be jointly estimated with tlerge sum of individually low-power sensor signals. We show
MIMO channel. The GSIC algorithm [4] is a pragmatiadesource use for two candidate field programmable gatesarray
solution to this difficult separable signal problem, and i€FPGA), namely Xilinx Spartan-3 and Virtex-4 devices. V¢hil
based on successive correlation and cancellations toredtmi many design features, such as channel tracking and decgoding
the exponential increase in estimator complexity using tlae identical to those in conventional MIMO designs with co-



located antenna elements, there are special considesatian wherel/T is the symbol rate and/, = T'/T; is the oversam-
must be made for parameter estimation in the cooperatping factor. Note our reconfigurable hardware solutionsuse
sensor problem. Since the individual sensor oscillatoes aW,; = 32 for precision delayr;, estimation.

not co-located, they cannot be phase-locked, and hence theetm = 0 w.l.0.g. in (3). The joint estimation problem then
received sensor offsets must be estimated individualhjhat tbecomes

collector. This design issue represents the core reasotmédor

necessity of GSIC. {7, by, b} = arg mm )
In the sequel, the cooperative MIMO channel is defined in N. No—1

Section Il along with the GSIC algorithm for offset/channel IR — Z Z Py (7k, dwr )] s1.(q) || %

estimation. The NN error bound is developed in Section IV and P —r

the reconfigurable hardware design is summarized in Section

V. The results of the hybrid analysis/simulation are given {Vhere [|X||r is the Frobenius norm. The focus here is on
Section VI along with conclusions. known training symbols;(¢). Although blind MIMO chan-

nel/offset estimators have been developed [6], the reduire
eigendecompositions are too complex for the reconfigurable
hardware available here. Thus we assume Gold-sequence
training packetysx(q)} for estimation in eq. (4).

Il. COOPERATIVEMIMO CHANNEL AND ESTIMATION
PROBLEM

A flat-fading channel is assumed between fkig sensors
and collector withM.. elements. The received collector signaf!l: CORRELATION AND GSIC ESTIMATION ALGORITHMS
r.(t) € CM< on the uplink is then given in continuous-time When the node symbol clocks are synchronized such that
by 1, = 7 for all k, and orthogonal training sequencgs;(q)}
- are employed, the estimation problem (4) becomes separable
6wt in nodesk. However, when relative timing offsets are present,
B Z p(t =7 —mT)e se(m) + (1), (1) multiuser interference between sensor waveforms neatssit
exponentially complex inV; joint optimization to obtain the
whereh,, € CM- is the flat-fading channel from sensbhrto maximum-likelihood solution.
the collector,wy, is the frequency offset in Hz for sensér To obtain a practical algorithm in reconfigurable hardware,
and 7 is the corresponding delay. The symbejgm) € C we propose to approximate (4) using the Generalized Suc-
represent a training sequence in the estimation phaseeor d¢bssive Interference Cancellation approach in [4]. Nott th
m-th row and k-th column of an OSTBC matrix [5]. The stagel of GSIC corresponds t&; independent correlations
symbols are normalized t&{|sx(m)|*} = 1. The pulse®(t) and is thus optimal for synchronized nodes and orthogonal
are raised-cosine with minimal excess bandwidth to maxdmizequences. Thus we can balance levels of cancellation and
orthogonality. The bandpass pulse engrgysensor is defined hardware complexity to obtain a feasible collector estiomat
by E, = [p(t)?dt, so that the total transmitted bandpasalgorithm. At iterationk of GSIC, a cancelled signal matrix
energy isE;N, per information symbol for OSTBCs. NoteR¥ is available. The ML joint estimates éfv;, 7;, h; are then
that this is in contrast to the conventional MIMO normalieat computed forl € {1,..., Ns} \ {p1,...,pr—1}, Wherep; is
but represents the more realistic case of fixed sensor titinstine sensor index selected on GSIC iteratioriThe indexp;
power. is chosen from the joint estimatés;, 7, h; that best fit the
A discrete-time signal model is obtained by defining theesidual R*. The residualR**! is then updated using the
matrix of samples collected from th&/. elementsR(m) € cancellation

2

s

=~
Il

1 m=0

(CNCXMC as N.—1

Ns Ne—1 RM!=R" - Z pq(%m-,v(swm-,)hgkspk (m'). (5)
R(m) = > Pgm(7k, dwi)hy sk(q +mNe.) + N(m). q=0

k=1 ¢=0 @ The key step in GSIC is finding the intermediate estimates
In (2), N. corresponds to the number of symbols/trainlng] indices!. These are defined at iteratianby
packet, or temporal length of the OSTBC, with denoting . . Ne—1 )
the packet or OSTBC symbol index. The element@Ndfn) 710wy, by = arg min_[|R" - > py(m, dw)h] si(q)||%-
are i.i.d. circular Gaussian with varian2a/, /T, assuming an o g=0 ©)
input Nyquist bandwidthl /(27%). The pulse vectorp, . . - . . .
JF\)[N yq . /(1) P Pgm € The channel estimaté; conditioned onr;, dw; is readily
CHeNa are defined by

shown to equal
Pg,m Tk, dwr) = (3 fll _ (7)
[ ((NeNg — 1)Ts — 7 — qT)e Ztswk-,(mNcT+(NcNd*1)Ts)7 1 Ne.—1

Z (R*) ' pg (71, 6wi)*s1(q)".

S No—1
o D=7, — qT)enmNT ] 2ig=0 [IPq(m0w)|P[si()* 55



Initialize R! = R(m)
Fork=1,2,...,Ng
Forl=1,...,Ns\{p1,.---,Pk—1}
e, dwy = Argmax,, s, v (7, dw;) where

g=0

_ . * |2
|E g T RF T (r1,6w1)si (m)

77, 0wy, ) = —
(T, ) SN U ipa(r 0w 12ls1(0) 2

Next [

pr = arg max; y(7y, 0w;)
- Too LR by (Fpy Swpy )" spy (@)
hp _ q;ﬂ Pq(Tp; ,0Wp, pE 4
= S AL
K Sl IPa (g 8wy )| 12 ]spy, (0)]2

Ne— PO P
R*1 =RF - Zq:O ! Pq(7py,s 5""p(k))hgk. spy (q)

Next k&

TABLE |

GSICALGORITHM FOR JOINT CHANNEL/DELAY /OFFSET ESTIMATION—

whereS"™ is the noiseless received space-time signal. Specifi-
cally, R = S™ + N for the n-th OSTBC codeword, and

N, N.—1

S" =" Y pg(m,0wr)hf s} (q) (10)
k=1 ¢q=0

For OSTBCs,N; symbolsb? ...by € CZ are mapped to

the N, x N, matrix with components}(q) following [5]. A

union bound for SER can be computed by sumrrﬂrjg"/ (9)

over all codewords:” # n. However, M-ary QAM requires

summing overM N+ — 1 such terms.

The following proposition is readily proved using the or-
thogonality of the columns of the OSTBC and orthogonality
of the pulse vectorp,,.

Proposition 1: Let the Euclidean distance between infor-
mation sequences equdl, s = Zf\i‘l bp — b [2. Then

TRAINING the Frobenius error norm between the space-time received
matrices satisfies
N
/ 8E -
| o 1S5, = SpllE = Z2dnn > Il (1)
It is assumed that the raised-cosine pulse vectors are xappro s

- S k=1 -
imately orthogonal for minimal excess bandwidth. That is The significance of Proposition 1 is that the minimum
Py(71,0w)Hpy (71, 6w;) ~ 2E=6, .. Inserting the conditional PEP corresponds to the information sequences with minimum

T.

estimate from (7) and emp|6y|ng the pu|Se vector Orthogonguclidean distance — this is a direct Consequence of the pu|S

ity in (6) gives the estimates for delay and offset.

77, 0wy = argmax
‘I'”;wl

Nce—1 kT % * 2
[0 (R¥) i (1, ) sia)

No—1
2 gz |Pqg(m, 0w)?|si(q)?

function orthogonality and properties of orthogonal desig
For QPSK,d,,i,, = 1 for normalization|b'|> = 1. The NN
approximation to the union bound yields

N.
2N, Es > p2y b

P~ —lerfc , 12
5 N (12)

where it is noted that there a?éV,; possible near-neighbor er-

The GSIC algorithm for training symbols is summarized ifor eventsn, n’ for QPSK. The PEP conditioned on estimation

Table I.

IV. HYBRID ANALYSIS/SIMULATION OF COOPERATIVE

MIMO SER

errors for simulation iteratiom: is

Po(nn') = P (|[R(m) = Sp,1[% > [R(m) = Sil[3)
) (13)
whereS,,(m) corresponds to (10) with quantitie, dwy, hy

The symbol error rate analysis for MIMO systems is usualijgplaced by their respective GSIC estimates. Considering
based on averaging bounds for pairwise error probabilighly thosen’ corresponding to NN error events yields the

(PEP) w.r.t. circular Gaussian statistics for the charigl}
[7][8]. However, the channel/offset estimation errors i8IG
are difficult to characterize analytically, and thus we pers
a hybrid analysis/simulation approach. That is, an aralyti e(m) =~
bound for SERP, is obtained conditioned on simulated

values of{ 7y, dwy, hy } and their corresponding estimates, thu
obtaining a closed-form solution fd?.(n) at each simulation
iteration. Time-averaging of.(n) leads to an estimate of
unconditional SER, assuming ergodicity of the channedéiff

and estimation errors.

conditional SER approximation at iteration
1S = SmallE — 1153 — Smll%
V15, — S
(14)

?ime-averaging of. (m) yields the hybrid analysis/simulation
of SER.

erfc

2N,
2

V. HARDWARE DESIGN
Applying an OSTBC to a distributed array of sensors

To minimize simulation time, we employ a nearest-neighbeg,resents a significant advancement in complexity in terms
apprQX|mat|0n to the error rate union bound as follows. tFirg¢ the communications protocol and link setup. Naturalhg t
consider the PEP for known channels, which can be showndgrgware design must be able to provide the needed feature se

equal

Pn,n/ _ lerfC ||Sn -S" ||F
2 2 8No '
Ts

in order to implement such an architecture. The two prircipl
considerations are timing and frequency offsets.

Obviously, if there is poor time synchronization then the
sensor OSTBC signals will not be time-aligned at the caliect



resulting in a loss of orthogonality and the introduction of FPGA-Based Demodulation
inter-symbol interference (ISI). The timing problem is Hea

with by using a high oversampling rate for good delay Timing and
resolution, and downlink timing control. The GSIC-derived frequency
delay estimates are then used to calculate the appropriate offset | |
sensor symbol clock corrections. Alternatively, a common estimation

synchronization beacon can be used; this can be sent by
either the collector or a local sensor node. In either case,

oversampling rates d¥; > 16 are needed in order to maintain z Filtering Channel
timing synchronization. Alternative techniques, suchhastse RF | f+ ADC (= and (= estimation {—
of the global positioning system (GPS), have been explored ] DDC for all Tx
but lack the fidelity for the target rates of our hardware. . - -

The complexity of the joint frequency-offset estimation
problem is driven by the absolute maximum offset between ¢ ¢ ¢
the sensor node and collector, level of fidelity, and number ® d hd
of sensor nodes. Driving the overall design is the maximurq Filtering Channel
frequency offset level for which we must compensate. Our RF~— RF { —> ADC —m{ and _ estimation
design offers a production capaltié parts per million (PPM) ] DDC for all Tx
maximum offset at the carrier frequency with a maximum of
4.5 PPM after ten years of operation. Thus, while we will| 5 Frequency
typically encounter offsets that are a maximum of 1 kHz} synthesizer > _
we must be able to provide compensation for up to 10 kHx Decoding and <
over the life of the equipment. These considerations, aad th detection ™|
required fidelity of the tolerable frequency offset in chahn [
tracking, drive the required search range of our frequency J
offset estimation. Channel

The overall architecture of the collector demodulation is > tracking

shown in Figure 2. In terms of the GSIC algorithm, our
primary area of consideration is the timing and frequency
estimation block. The collector antennas are co-locatetl an
hence have high correlation in their receive channel sizgis
Furthermore, the separate collector RF sections are dhyen . .

a single VCO meaning the relative offsets at each collec r(mTS) f_oIIowed by an FFT which simultaneously performs
antenna are the same. In Table Il we show the relative resourcc required correlation. We note that the throughput_of the

Fig. 2. Collector demodulation architecture.

FPGA baseband processing design. The most expensive Fg)&grate at the oversampled rate, whereas all other poxibns

tion of the design is the single-stage GSIC (correlationhoet Ehe des:tglntoperatti at thﬁ s¥mbol rate. There is a Fra?he'olszF;':'
without cancellation), which provides timing and frequgnc erms ot agncy( roughput) VErsus resource use in the
at is, if higher degrees of parallelism are used then ttgere

offset estimates. This process involves a sample—by-saménh hout i ith th di ireroBnt
multiplication with the training sequence and then an FHie T roughputincrease, wi € corresponding requireroen
@ddmonal hardware resources.

output of the FFT provides an indication of the degree to Wwhi
the received signal is correlated with the training segaenc
(indicating timing) as well as the frequency (indicatind@set).
The primary operation in GSIC is the correlation/FFT The analysis/simulation error rate approximation (14) was
operation. From Table |, the columnwise correlationsRof computed for cases of (&), = 2 sensors using the Alamouti
can be written as (Matlab notation) code and (b)N, = 4 sensors using;? in [5]. A collec-
R(, i) (1, 61 tor _V\_/ith M, = 4 antennas was used_ for both codes. In
K e addition to GSIC estimation, a correlation method was also
Nela~1 , ot employed. Correlation corresponds to the first GSIC iterati
= Z R(m, i)s/(mTs —m)e " (19) only and thus excludes subsequent cancellation steps.cht ea
m=0 simulation iteration, a channel/offset estimate was cdegbu
wheres;(mT, — 7;) = Zqucgl si(q)p(mTs — qT — 1) is the based onN,. = 63 length quasi-orthogonal Gold sequences
effective training sequence modulated by the pulse functidransmitted by each sensor. The SER approximation (14) was
By quantizingdw; to the integer FFT frequencies and zerthen computed based on these estimates.
padding if necessary, (15) is (a) the Hadamard product ofFig. 3 shows the analysis/simulation SER estimates. The
the received samples per antenna with the training sequeg¢eir4 code performance i$.5 dB better than Alamout2z4

VI. RESULTS AND CONCLUSIONS



XC3S2000-5FG676 XC4VSX35-12FF668
Area Rate | Power Area Rate | Power
(ns) | (mw) (ns) | (mw)
FF LUT SLICE | BRAM | Mult. FF LUT SLICE | BRAM | DSP
Available
Resources | 40960 | 40960 | 20480 40 40 N/A N/A 30720 | 30720 | 15360 192 192 N/A N/A
Transceiver
(Top Level) | 17507 | 14143 | 11184 14 22 16.61 17187 | 13745 | 10673 14 22 8.89
DDC 1247 892 750 0 0 10.42 1247 892 750 0 0 4.95
One-Stage
GSIC 9649 5795 7047 12 12 18.66 9239 5531 6745 12 12 10.18
Channel
Tracking 2313 2201 1397 0 0 10.43 2313 2201 1397 0 0 6.7
DUC 2475 1207 1401 2 10 11.57 2190 1206 1258 2 10 5.54
TABLE Il
RESOURCE USE AND POWER CONSUMPTION FOBPARTAN-3 AND VIRTEX-4 FPGAs.
1200 T
4
1100 —»—G. 4x4 GSIC |
1072} | - G* 4x4 Correlation
1000 ¢ 1
900+ b
~
4 L s8oof il
10t 1 S
o’ 5 700t 1
—8— Alamouti GSIC 2 eoof ]
—— Alamouti Known CSI [e]
10| ——G* Gsic 1 5001 1
—6—G* Known CS| 400¢ 1
—— G‘c1 Correlation 300 1
10’8 I I I I I I I 1 i i i i i i 200 L L L L L
-9-8-7-6-5-4-3-2-1 01 2 3 45 6 7 8 -4 -2 0 2 4 6 8
ES/N0 (dB) ES/N0 (dB)
Fig. 3. Nearest-neighbor/union bound SER results for GSiC@orrelation. Fig. 4. Frequency offset estimation errors using GSIC vsrelation.

at 10~ SER. This performance gain is due to (a) increaséZ] S.J.Kim, R. E. Cagley, and R. A. lltis, “Spectrally eficit communica-
transmit diversity gain of4. and (b) A3 dB increase in tion for wireless sensor networks using a cooperative MIM€Ehnique,”
c!

. . Wreless Networks, (To Appear).
E, for the 4z4 code over the Alamouti cod€{2), since the [3] s cui, A. Goldsmith, and A. Bahai, “Energy efficiency oflMO and

individual sensor transmit power is the same for both sclseme  cooperative MIMO techniques in sensor networkiZEE Journal on
The frequency offset estimation error is shown in Fig. 4 fqr S#ected Areasin Communications, vol. 22, pp. 10891098, Aug. 2004,

;
. . 4] R. llitis and S. Kim, “Geometric derivation of Expectatidlaximization

4 )
G. using the GSIC and correlation methods. As expected, the ang Generalized Successive Interference Cancellatioaritigis with

cancellation in GSIC yields lower offset errors of almast applications to CDMA channel estimatiorl EEE Transactions on Signal
Hz. Processing, vol. 51, pp. 1367-1377, May 2003.
. . l;'S V. Tarokh, H. Jafarkhani, and A. Calderbank, “Spacetitsiock coding
To conclude, GSIC appears to be a practical solution to the for wireless communications: Performance resut&EE Journal on
joint channel/offset/delay estimation problem in coofieea Selected Areas in Communications, vol. 17, pp. 451-460, March 1999.

MIMO sensor networks. Improvements to the GSIC approaé} S Shanhbazpanahi, A. Gershman, and J. Manton, “Closed-fblind

e . . L. . MIMO channel estimation for orthogonal space-time blockesy” [EEE
yielding higher computational efficiency, and further aptia- Transactions on Signal Processing, vol. 53, pp. 4506-4517, 2005.

tion of codes and training sequences should be investigatefd V. Tarokh, N. Seshadri, and A. Calderbank, “Space-timmes for
high data rate wireless communications: Performancericiteand code
ACKNOWLEDGMENT construction,”|EEE Transactions on Information Theory, pp. 744-765,

March 1998.
This work was supported by the Air Force Office of Scit8] M. Brehler and M. K. Varanasi, "Asymptotic error probli analysis
entific Research under Contract No. FA9550-05-C- 0179 and of quadratic receivers in Rayleigh-fading channels witpliaation to a

. unified analysis of coherent and noncoherent space-tinevess,” | EEE
Toyon Research Corporation Subcontract No. SC-06-5477-1 Transactions on Information Theory, vol. 47, pp. 2383-2399, Sept. 2001.

REFERENCES

[1] J. N. Laneman and G. W. Wornell, “Distributed space-ticoeled pro-
tocols for exploiting cooperative diversity in wirelesstwerks,” IEEE
Transactions on Information Theory, vol. 49, pp. 2415-2425, Oct. 2003.



