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Performance of a Concurrent Link SDMA MAC
under Practical PHY Operating Conditions
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Abstract—Space Division Multiple Access (SDMA) based the number of antennas to represent the number of concurrent
Medium Access Control (MAC) protocols have been proposed to |inks in the network. It assumes that the concurrent links ar
enable concurrent communications and improve link throughput perfectly separated and do not interfere with one another.

in Multi-Input Multi-Output (MIMO) Ad Hoc networks. For the . .
most part, the works appearing in the literature make idealzed S such, the DOF model ignores all physical layer (PHY)

and simplifying assumptions about the underlying physicalayer ~impairments. At the same time, using TX/RX beamforming,
as well as some aspects of the link adaptation protocol. The the SPACEMAC, MIMAMAC and NullHoc protocols [1]=]5]

result is that the performance predicted by such works may nb  have been proposed to support concurrent links in Ad Hoc
necessarily be a good predictor of actual performance in a fly  atyorks, These protocols assume that the first node to “win”

deployed system. In this paper we look to introduce elemenisto . . . L . -
the SDMA MAC concept that would allow us to better predict the contention window will use an omni directional radiatio

their performance under realistic operating conditions. Using a  Pattern, but other, secondary, users will use TX beamfagmin
generic SDMA-MAC we look at how the network sum throughput  to ensure that newly accessing link will not introduce artgiin
changes with the introduction of the following: (a) use of the ference to existing links. As a result, the throughput otrg
more practical MMSE algorithm instead of the zero-forcing o jinks is not affected, and additional network throughput ba
SVD based nulling algorithms used for receive beamnulling; .

(b) impact of channel estimation errors; (c¢) introduction of h"’,‘d gsaresult of the newly formgd concurrentlinks. Altffoug
link adaptation mechanism specifically designed for concuent  this idea works well under an ideal MIMO system model,
SDMA MACs; (d) incorporation of TX beamforming along with  its performance is significantly affected by physical layer
RX beamnulling. Following on the transmission window during  constraints and imperfections (e.g., channel estimatioor,e
which concurrent transmissions are allowed by the MAC, we gpsence of link adaptation, etc.). In this paper we focus on
qualify the impact of each of these four elements in isolatio. At o . S .

the conclusion, the performance of a system that incorporats the concur_rent_ trf';lnsr_nls_smn W'ndOW_ within a generic SDMA-
elementsa — d is presented and compared against the baseline MAC that is similar in its construction to SPACEMAC and

system, showing an improvement of up to 5x in the overall NullHoc. These MACs were proposed for Ad Hoc networks

network sum throughput. and typically use signaling during the contention window to

Index Terms—Multi-Input Multi-Output (MIMO), Space Di- determine the TX & RX beam patterns to be used during
vision Multiple Access (SDMA), Medium Access Control (MAC) the concurrent transmission windows. They typically make
Concurrent Communications. idealized and simplified assumptions that will impact their

performance during the concurrent transmission window. In
this paper our aim is to migrate an idealized SDMA-MAC
system, such as the ones found lin [L1]-[4], towards a more
Networks of MIMO (Multi-Input Multi-Output) enabled reajistic one that incorporates (a) channel estimatioorerr
nodes can use advanced eigen-beamforming and beamnulfifdthe use of a more practical MMSE detection algorithm,
technigues to enable concurrent communications and isere&) incorporation of link adaptation, and (d) combined TX
overall network throughput. This technique is loosely ndd  5nd RX beamforming techniques. Our study uses the generic
to as space division multiple access and several mediunsicegp\mA-MAC protocol presented in section Il as a baseline,
control (MAC) protocols have appeared in the literaturet thgyt the results could be easily extended to other MACs with
can deliver concurrent transmissions in an Ad Hoc network gf similar structure. For each of the elements (a) through
multi-antenna, MIMO, enabled nodes [1}-5]. (d) we compare the performance of the baseline SDMA-
Although SDMA (space division multiple access) and conyaC during the concurrent transmission window with and
current |inkS haVe been We" Studied in Ce”ular netWOH@(Swithout the proposed modiﬁcation. We then Combine a” the
[6] and the references therein), it is still a challengingtpem  changes together and compare the performance of the regulti
in Ad Hoc networks. Initially, SDMA and concurrent ”nks“practical” MAC with the baseline system. To this end, the
were utilized in Ad Hoc networks via a simple abstract mod@laper will be organized as follows. Section Il introduces ou
called Degree of Freedom (DOF)![7].1[8]. This model usesystem model, the baseline SDMA-MAC, and the simulation
Copyright (c) 2010 IEEE. Personal use of this material isnpited setup. Section il .d.esc_rlbes each of the TOUI‘ elements of
However, permission to usé this material for any other psepomust Be our proposed modifications and the associated performance
obtained from the IEEE by sending a request to pubs-peronis@ieee.org. gain/loss for each element in isolation. In section IV we
c Pengkai ZthfXdL%zb/‘i'; Dela:sesgfd are with the Departmeriedii€al  provide side by side comparisons of the baseline concurrent
nAngirt](\elseralrrl]'?ér, Weiju’n Zhu angd OS(’:ar T.akeshita are with SiNezhnologies, SDMA-MAC, the realistic variant of the concurrent SDMA-
Inc., Los Angeles, CA. MAC which includes elements a-d, and a non-concurrent MAC
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that utilizes MIMO links. The paper is then concluded iiNode Ty then runs a Singular Value Decomposition (SVD)
Section V. on Hiutt 1, (z‘)HiHntfyTQ (7). Assuming non-increasing order of

I s D eigen-values in the SVD result, nodgy’s TX vector is
. SYSTEM DESCRIPTION calculated as:

This paper focuses on a single hop Ad Hoc network, e H , , e H
where each node is within the transmission range of all other Hinet, 1o (’)Hintf,TQ (1) = Urg (1) Ay (Z)UTQ (@), (3)
nodes. There are a total & concurrent links simultaneously W, (i) = Ur, (i, Na). (4)
transmitting in the network, labeled as link, to link L.

The TX node and RX node involved in link, are denoted Next we calculatéW r,, (i) based on both the desired chan-

asT, and i, respectively. Every node is equped With, nel coming from nodd, and the interference channel coming
antennas, and all packets are modulated using OFDM (Orth? m nodes(T}, T, .. T(o_1)). Here the interference channel

onal Frequency Division Multiplexing), where the number o . . .
subcarriers isV¢. The TX power per node is the same and i\%/(i)t? 1Tq<|s din(()éged_al)v {rjﬁg}é‘i’egqrégccﬁgﬁéql(;?%q (2
denoted byPr. The fast fading channel from the TX nodg el a4 /_N H .(')W (i). Node Re)'s RX vchtor

to the RX nodeR, at theith subcarrier isHp_ . (i), which TYRq,To /7 YO R, Tg (1) WTo (). Q> ’

. . o tera . Wrg, (i) can be derived using a MIMO detection algorithm
is an N4 x Ny matrix of complex Gaussian random variable Q

with zero mean and unit variance: is the path loss fzero-forcing is used in the generic SDMA-MAC). Details
Ra,Tq relating to link contention, handshaking, and channelrimiz-

f_rom nodeTq.to nOdeR?' For simplicity, we assume that.eaci‘hon exchange are referred td [1]*-[3]. These are not consitle
link uses a single spatial stream. However, our discussians X = .
gre as the focus of this work is the achievable real-world

i ; ; h
be easily generalized to other cases where some links mlz?erformance of the concurrent SDMA-MAC during the data

HereUr, (i, Na) is the(N4)™ column in the matriXUr, ().

use multiple spatial streams. We denote the power nornaali e nsmission phase of the protocol. Admittedly the strestu
N4 x 1 TX vector at theith subcarrier of nodd, asWr, (i) P P ) y

(power normalized implies thaW (i)W, (i) — 1). Simi and mechanism of the contention windows, RTS, CTS, etc.,
Tq Tq - " -

larly, the RX vector at theth subcarrier of nod@, is W s, (i) will impact the overall performance of the network. However

: H N . in the interest of maintaining focus we have chosen to defer
subject tOW%, ()W, (i) = 1. Also, the transmitted QAM these issues to a possible follow on contribution. Theeefor

symbol at each subcarrier is zero mean and unit variance. . e
d _ ) . ¢are must be taken to incorporate all MAC specific overheads
Finally, we useA (i) to represent the matrix correspondin

0 the ith subcarrier, and (i, j) is the jth column of matrix Shen translating the results to estimate MAC efficiency or
A(3). [] and[]T are Hermitian and transpose calculation through_pu_t perform_ar!ce. . . .

' " At this juncture it is worth introducing some underlying
A. Overview of the Generic SDMA-MAC assumptions or limitations in our generic SDMA-MAC which

Our baseline SDMA-MAC is designed to represent a clagéso appear in SPACEMAC[1].[2] and NullHoc![3LI[4]

of MACs such as SPACEMAC [1][ 2] and NullHoEI[3].][4], 1) SDMA-MAC often assumes perfect channel estimation

it is built on the principal that links have an access higrgrc 2 '_P)(the ijs;em ][], lculated using th forci
in that the newly accessing link should cause no interfexrenc ) an vectors are calculated using the zero-forcing

to the existing links. This process is described matheraific or SVD_ base_d algorithm Il]‘—_[4]- .
in the following subsection. 3) Each link simply uses a fixed modulation scheme,

specifically, the 2Mbps mode in 802.11b. Multi-rate
B. Mathematical Description of a Generic SDMA-MAC capabilities embedded within the concurrent links are

Let the access order df concurrent links in the network 4 gc;g fullytutlhzed. lculated t inimize th ltant
range fromL; (link 1) to Lk (link K). Currently the first ) |4 veclors are calcuiated to minimize ihe resuitan
(Q — 1) links have accessed the channel, and now we look at interference on the existing links. But the optimization
the access process of i 1<Q<K 'According to our of SNR within the desired communication is not con-

. @ 0= G S B sidered.
eneric SDMA-MAC protocol, during the concurrent trans- ) . . .
?nission window IinkLpQ should use% TX vectoWr,, (i) 5) Simulations in SPACEMAC and NullHoc consider at
1 Q 1

that is orthogonal to the existing links’ RX vectoW r,_ (i), mo?t Na consxrreﬂ\:n :!nllzs,_andtthe Icap;a(tjnllty of sup-
or equivalently: porting more thanV,4 links is not evaluated.

\/ PrGr, 1o /NeWi (i)Hr, 1, (i)W, (i) = 0, C. Description of the Simulation Environment and Metric
1<g<(Q-1). (1) Usd
Our simulations are conducted in a single-hop Ad Hoc
metwork, where all concurrent links are randomly and uni-
formly placed in a rectangle box of 200m by 200m. Each
node is equipped withiV4, = 4 antennas, and uses a single
" spatial stream. The system bandwidlii, is assumed to be
Hk 7, (iq) :{ | PrGr, 1y [INCWE () HR, 7, (z‘)} , W =20MHz. The modulation is assumed to be OFDM with
N¢ = 64 subcarriers and the guard interval gg; = 1/4.
I<g<(@-1). (2)  we assume no power control in the network with the total

To calculate the TX vector,Wr, (i), we start with
Hint, 1, (4) which represents all interference channels fro
node Tg to node (1, Ry, ..., Rig—1)). Hintf,1,(7) IS an
Na x (Q — 1) matrix, whoseg'" column is:



TABLE |
L1ST OF MODULATION AND CODING SCHEMES

. Minimum required effective
mgesx QAM Type ngltre]g PPSNR to achieve target
BER/PER (10% PER)
0 BPSK 172 1.4 dB
1 QPSK 12 7.4 dB
2 QPSK 3/4 6.5 dB
3 16QAM 12 3.6 dB
4 16QAM 374 12 dB
5 64QAM 23 15.8 dB
6 64QAM 374 17.2 dB
7 64QAM 576 18.8 dB

channel estimation error, link adaptation, and TX beamfogm
on the sum-throughput of our generic SDMA-MAC. These
will be studied in isolation of one another. Section IV will
then evaluate the SDMA-MAC that incorporates all above four
elements.

A. MMSE vs. ZF

In this section we look at the impact of using the more
common MMSE (minimum mean squared error) detector
instead of the idealized ZF (zero-forcing) detector asglime
the class of SDMA-MACS [[1]-H[4]. The reason why the MMSE

TX power per nodeP; = 25dBm. Power decay between anydetector is more common is because it has the same hardware
two nodes is calculated according to the simplified path lo§§mplexity as the ZF detector, but does not suffer from the
model [7] with an exponent of 3/, = 1m, and wave-length unwanted noise enhancement properties of the lafter [11].
A = 0.125m. Fast fading Rayleigh channels are kept invariaftdditionally, one of the drawbacks of the MACs presented in
during the transmission period. Background noise power gdl-[4] is that channel access is sequential with curremk li

subcarrier iso3, =

—113dBm. When link adaptation is not knowing anything about other links that might access the

enabled, the link can pick one of the eight modulation arfhannel after it. In this section we also want to consider the
coding schemes (MCS) shown in Talfle I. Also, all packefg)tential benefits of relaxing this assumption. We will retfe
carry the same amount of data, namely, 100 bytes. We dbis scheme as the Universal-MMSE scheme and describe it
MATLAB software to build our simulation framework, andin subsection (3).

each point in our results is an average of 1000 independentlyl) Zero-Forcing Detection: Using the same notation as in

generated topologies.

section I, link Lg’s RX vector under the ZF criterion is

We use the network sum-throughput metfic [8], [9] in ouéXpressed as:

study which measures the successfully transmitted thyouigh
summed from all links. However, in order to decide if a
particular link is viable or not, we calculate the effective
Post Processing SNR (PPSNR) J[10] at the receiver for each
link. For a given MCS, if the effective PPSNR is above the

Wi (i) = N{Bug (i) [BE, ()Bro (i) e}, (®)
e; =[1,0,...,0]". (9)
etk Jiiihe

Q@ elements

minimum required for the desired QoS (see Tdble I), then we

declare the link viable and include the link throughput it

the sum-throughput calculation. Otherwise, the link isiassd

h Here Br, (i) = [H%ZC,TQ (1), Hg py (1), HES (l)}

is an N4 x @ matrix, andH%‘;ﬁTQ (i) is given in Eqn. [(B).

not to be usable. The effective PPSNR is calculated as fello¥{-} denotes the vector normalization with unit power. With
Once the TX vectoW 7, (i) and the RX vectoW g, (i) have the expression foW z,, (i), we then place it in the equation
been determined for all links in the network, the PPSNR cdar PPSNR (Eqn[{§17)) to determine if a given link is active o

be calculated as:
2
Prg (i) = [WH, (1) S 7, (3|
K 9 -1
> |WHG) BRSO +ok
q=1,q#Q

HC 1, (i) = \/PrGry1,/NcHrg 1, (i)W, (). (6)

Using the PPSNR T'r,(i) and TIg,as(i) =
10log, (Tre (1)), we then calculate linkLy's effective
PPSNRI'%., 45 Via Ean. [7) [10] as

(5)

N¢
1 . .
[ftgan = 3 2 Trgan(i) = a-vor [Croan(@)] . (7)
=1

Here variancevar is calculated over all subcarriers, and=
0.125 is fitted offline [10].

Ill. QUANTIFYING PERFORMANCE WITHREALISTIC
PARAMETERS AND ALGORITHMS

not. From there we calculate the sum throughput as described
in section 11.C.

2) MMSE Detection: Link Lg's RX vector under the
MMSE criterion is expressed as:

Wi, (i) =N {C§é,MMSE(i) ) H%EC,TQ (1)} ) (10)

Q_l H
Crq mmsi(i) = Z H 7, (1) {H%ZC,Tq (l)} +oxIn,-
q=1
(11)

Here H%j;Tq (¢) is given in Eqn.[(B). Similar to ZF receiver,
the derivedW r,, (i) is used in the PPSNR calculation (Egn.
(B17)) and subsequently in the sum-throughput calculation

3) Universal MMSE: Previous derivations for linko’s RX
vector only consider the interference channel coming frioin |
Ly to L(g—1). The residual interference caused by, ) to
Ly is not considered. This can have a negative impact on the
PPSNR results. Here we look to answer the question of how
much the performance of the system might be improved if

This section is broken down into 4 subsections. In thesiee receive beamnulling was performed at each node with full
subsections we separately look at the impact of MMSknowledge of alliK transmitters. Firstly, linkl, estimates the



gm vector Wr,, (i) and the RX vectorWg,, (i). Let us first
€ 30t derive the expression of the noisy RX vec r, (7). Note
;:20' that this is calculated using either the ZF method (Efh. (8))
3 o ZF+MCSO or the MMSE method (Eqn[{1[0-IL3)). These calculations all
F 10p —E— MMSE + MCS 0 rely on the following channel informatioRl ¢ . (¢). Under
E @ —6— Universal MMSE + MCS 0 : o . A _
@ o i i i ‘ ‘ imperfect channel estimation, the noisy estlmatH@;C 7, (1)
2 4 6 8 10 12 H H . ’
The number of links in the network IS given by
2 100 — TR N ; ;
£ e B} 7, ) =/ PrGrg 1, /NeHag 1, ()W, ()
T 801 —O6— Universal MMSE + MCS 5 > )
£ oof ] +\/EZRQ_,TQ(Z),1§q§K. (14)
g 40 i
T o g HereZr, 1, (i) represents the channel estimation noise which
3 ‘ ‘ ‘ ‘ ‘ is modeled as a complex Gaussian random variable with zero
2 2 v 8 10 12 mean and unit variance??, is the variance of the estimation

The number of links in the network ] ) X )
noise, which is dependent on the variance of the background

Fig. 1. SDMA-MAC's throughput performance comparing a ZF,MMSE, noise per subcarrier?; (e.g., underL training symbols and
and a Universal MMSE RX vector calculation algorithm. Ieast—squarg estimatiomr,zc is equ.a| tOU.JQV/L [31) In thi_S
way, the noisy RX vectoW r,, (i) is derived by using noisy
estimateH3* . (i) rather than perfect estimal&3e° ;. (i) in

covariance of the received signal from &l TX nodes as: 7F or MMSE Thethods.

Crq.ummsE(7) = Now we look at the derivation of the noisy TX vector
K H Wr, (i). SinceWr, (i) depends oW, (i) (g =1,...,Q —
Z H%ZC,Tq (i) {Hﬁ‘;ch (z’)} +031In,. (12) 1), then t.he noi_sy estimate oW, (i) will be. a function

a=1,q#Q of the noisy estimates of othé&Vr, (i). Recalling Eqn.[(8)

W, (i) = Ur, (i, Na), we have thaW,, () is a function of
the SVD results of;¢¢ 7, (z‘)H{I{tfﬂTQ (). In the presence of
channel estimation errorB;..¢ 7, (i)’s column,HiC,;;tlf’TQ (1,9)

Wr,(i) =N {CEQ,UMMSEU) THREC 1, (i)} . (13) in Eqn. [2), will be replaced by the noisy estimate:

Again, W ;) is used to calculate the PPSNR (E 5-7)) = o . . O
gain, Wieq (1) IS Bt 1 6,0) = { |/ PrCm, g N W, (B, 7,0}

and the sum-throughput.
4) Smulation Results: We now simulate the SDMA-MAC 2 -
. . +1/08Z . 15
protocol using both the ZF and the MMSE algorithms for the 96 210.R, () (15)

RX vector W, (i). We assume perfect channel eSt'mat'_orbgain, hereZr, r, (i) represents the channel estimation noise.
and as in the case of[1]Z[3] we fix the MCS for each link ~. A ~ , ;
Using the noisy estimateI{s;; - (i, ¢), the noisy TX vector

to either MCS 0 or MCS 5. Fid.]1 shows the sum-throughp N .
as a function of the number of concurrent links allowed bli/?bT,Q (i) is cglculated acco@ng to-EqrE](3).
Finally, given the resulting noisy TX vectors and RX

the MAC. As expected, initially the sum-throughput incress he effecti be derived usi
with the number of concurrent links in the network, howY€ctors, the effective PPSNR can be derived using Edn. (5-

ever, as additional concurrent links are added the intenfes 2)., a”‘?' the sum-throughput performance can be evaluated
power dominates, thus causing a decrease in the netwgﬁgordlngly.. ]

sum-throughput. Fig]1 also shows that the MMSE receiver1) Smulation Results: We simulate the sum throughput of
outperforms the ZF receiver by an average of 10%, angtiie SDMA-MAC protocol under different channel estimation
maximum of 20%. The Universal MMSE scheme outperfornfTors. Here the variance of the estimation error is setifo

the ZF receiver by up to 40%. This is because for ling, 0-50% 0.10%, 0.010% and0.0010%, respectively, where?,
the Universal MMSE protocol takes into account the residugfnotes the power of the background noise per subcarrier
interference from all links irrespective of the order in wini a@nd is equal to -113dBm in our study. Each link's MCS is
they start transmission, whereas the ZF and MMSE solutiofté¢d as MCS 0 or MCS 5, and simulation results under

only take into account the subset of links that accessed @fferent number of concurrent links are plotted in Fig. 2.
channel before linkL,. The curves in the figure show that, compared with the result

under perfect channel estimation, system’s sum throughput

o is seriously degraded when the estimation variance3jsor

B. Impact of Channel Estimation Errors 0.50%,. Meanwhile, even under estimation varianceafo?;
Channel estimation errors impact the sum throughput laynd 0.010%;, there still exists considerable performance loss

increasing interference and also reducing the PPSNR. Giarthe sum throughput. Generally, it is safe to assume that fo

that the SDMA-MAC uses MIMO beamforming at both theany Ad Hoc system, the estimation noise variance will be at

TX and the RX, estimation errors will impact both the TXbest 0.1%,.

Based on the estimat€r, umuse(i), the corresponding
Universal MMSE RX vector is:
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Fig. 2. Sum throughput performance of SODMA-MAC under diierchannel Fig. 3.  Sum throughput performance of SDMA-MAC under thegesaf
estimation errors. Assume that each link uses either MCS NI®8 5. link adaptation. Assume perfect channel estimation and aeth RX vector
derivation.

C. Impact of Link Adaptation
P a RX node Rq. In this subsection we pose the question of

) Link Adaptation Design: There are 8 different MCSesp\y the performance could be improved if nodig knew
in this paper, and each link can adaptively select the propg§,,t the channel betweeF, and Ro, and was able to
MCS bgsgd on the estimated PPSNR, (i). The derivation peamform accordingly. Consider the derivationWfr,, (i) in
pf Tgr, (z_) is based on _Eqn[KS) but using the estlmated char_lrgﬂln. [3), provided thaf) < N4, there will be(N4 — Q + 1)
information as shown in Eqri._(IL4). To study the link adaptati cgndidates for the TX vectdV 1, (i) (U, (i, Q), Uz, (i, Q+

in isolation, this subsection assumes perfect channehatts 1), ..., Uz, (i, N4)), which can all satisfy the orthogonality
(6% = 0). GivenI'g,, a5(i) = 10logy, (FRQ (i)), link Lo's  condition of Eqn.[(l). Besides, any linear combination @fsi

effective SNR is estimated as: candidates is also orthogonal with existing links (Edn).(1)
Ne This observation indicates that we can choose an optimized

f%ﬂ; 4B :L ZfRQ,dB(i) — a-var [fRQ,dB(i)} linear combination of these candidates, so that the regulta
’ Ne =1 PPSNR in the desired communication is improved. We name

— p%zckoﬁ'7 a=0.125 (16) this scheme TX beamforming to distinguish it from the TX

beamnulling scheme (Eqri.](3)) used in the baseline SDMA-

Later, link LQ will select the hlghest MCS whose theShOld\AAC_ We app|y X beamforming On|y to ||nkiQ with
listed in Table | is smaller than the estimated Sﬁ%Q,dB- @ < Ny, all other links (linkL y ,+1 to link Lg) will use the
Finally, I'Packoff in Eqn. [I8) is a correction term that makeglefault TX beamnulling of the SDMA-MAC.
up for the inaccuracy of the PPSNR estimation (e.g., due tol) TX Beamforming Calculation: Consider link Lo with
imperfect channel estimation). Its value can be tuned at rud < Na, we USGU%IT(Z') to denote all the TX vec-
time using the real packet error rate embedded within the AGRr candidates at nod&g. This is anNa x (N4 — Q +
packet. 1) matrix composed of columndJz, (i,Q), Uz, (i,Q +

2) Smulation Resultss We evaluate the sum throughputl), .., Uty (i, Na). The resultant TX vector is given as
performance of our generic SDMA-MAC by using the linkWr, (i) = U™ (i)Dr, (i), whereDry, (i) is an(Na — Q +
adaptation process discussed above. The results are sumha¢ 1 column vector withD%;IQ (i)Dr, (i) = 1 representing
rized in Fig.[3. Here we assume perfect channel estimationtfre linear combination o’}'™ (i). Given a specifidr, (i),
the system, and RX vectors are derived via the ZF method. Fhe calculated PPSNR at thith subcarrier of linkL¢ under
completeness, we also provide the results of fixed MCS seléiee MMSE criterion is given as:
tion (MCS 0 or MCS 5) in that figure. The resultant curves H
underscore the importance of link adaptation in improvimg t 'z, (i) =(PrGr,,1,/Nc) {HRQ,TQ (i)U%LIT(Z')DTQ (i)}
network performance. Compared with the fixed MCS selection 1 . A1 INIT /- .
(MCS 0 or MCS 5) under total 4 concurrent links, the usage C o mse(Hag 1o (U ())Dr, (1), (17)
of link adaptation can provide additional throughput gaifis Here C};;,MMSE(Z.) is given in Eqn. [(Tl). Obviously,
around 70% (for MCS 5) to 200% (for MCS 0). the optimal linear combination vectorDr, (i) can

be calculated as the maximum eigen-vector of

D. Combining TX Beamforming with SDMA-MAC Hr, 1, (i)UITl\CIJIT(i) CEé,MMSE(i)HRQ,TQ (i)UIT%IT(Z’)
In the generic SDMA-MAC, the TX nodé&y of link Ly that is corresponding to the maximum eigen-value. And the
knows nothing about the channel between TX nddegand associated TX vectoWr, (i) can be calculated according to
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Fig. 4. Sum throughput performance under our discussed Bxnfmming Fig- 5. Sum throughput performance under different MAC soée Channel
design. Assume perfect channel estimation in the netwanld, each link's estimation error is fixed as @f.
MCS is either fixed as MCS 0, or adaptively tuned.

) is mostly due to the lack of link adaptation in it. Secondhe t

the optimalDr, (i) as Wy, (i) = U, (i) D (i). enhanced SDMA-MAC has 3x to 4x higher throughput than

2) Smulation Results: We evaluate the sum throuhgpughe paseline SDMA-MAC, but its results are lower than that of
performance of our reference SDMA-MAC with the inclusiomon_concurrent MAC. It is because that under imperfect ehan
of the TX beamforming approach combined with MMSEqe| estimation, residual interference among concurremksli
RX vectors. By way of comparison we also provide thgss 3 significant impact on the overall network performance.
throughput results of tWO other schemes, the first includegss is partly the reason why the enhanced design with the
baseline SDMA-MAC with ZF RX vectors (EqnLl(8)), andynjversal MMSE scheme has the highest sum throughput.
the second includes baseline SDMA-MAC with MMSE RXwjith 4 concurrent links it shows a 500% improvement over
vectors (Eqn.[(10-11)). We assume perfect channel estmatihe paseline SDMA-MAC and 40% improvement over the
in the network, and the MCS in each link is either fixed &{on-concurrent MAC scheme. The superior performance of
MCS 0, or varied under the link adaptation protocol. The SUgy,r enhanced SDMA MAC over the non-concurrent MAC
throughput results are shown in Fig. 4. Compared with th@heme is primarily attributed to the use of multiple antsin
performance of the baseline SDMA-MAC with ZF RX vectorsjor spatial interference mitigation and the associated grow
the introduction of TX beamforming can have around 20%qcation.
improvement in terms of sum throughput. When comparedat this juncture it is worth noting that in an actual fully
with baseline SDMA-MAC plus MMSE RX vectors, the TXynctioning MAC, the overhead of the contention window is

beamforming design can still have more than 10% throughpybst likely highest for the enhanced scheme with the Unalers
gain. MMSE, and is smallest for the non-concurrent MAC. This
is because the Universal-MMSE method will require more

IV. COMBINED PERFORMANCE CHARACTERIZATION control packets in order to get all the information needed.
After evaluating the impact of each of the four elements

introduced in this paper in isolation, we now look to compare V. CONCLUSION

tEe perf_ormarr\]ce c.)f tredbaser:inechncgrre?t SDNIIA'MAC W(ith The aim of this work was to investigate how an SDMA

the variant that includes the following four elements: : .

practical MMSE algorithm: (b) channel estimation erros; (6R/IAC based on the notion of concurrent links would perform

X : . . . in a real operating network that is subject to self intenfiere
link adaptation mechanism; (d) incorporation of TX beam- b 9 )

. : . : . and channel estimation errors that will negatively impaet t
forming. For comparison purposes, this section also intced 9 y Imp

its of £ MAC | link is all erformance. We also looked to bring in link adaptation and
resulis ot a non-concurren (only one link is a OWEGQIMSE based beamforming that are part of almost any oper-
at any given time) that can employ any number of spaug

ing MIMO based system. Our work uncovered two rather
streams less thalV . The non-concurrent MAC also employsl ortant results. The first, is that significant performanc
MIMO TX and RX beamforming, link adaptation and channe["P ' ' 9 P

estimation errors. Detailed settings in these MAC schemes Improvements can be had with the combination of MMSE
X T 9 Based beamforming and link adaptation, even in the presence
summarized in Tablglll.

of channel estimation errors. The second is that a single lin
transmission strategy that can use multiple spatial stseiam
rather hard to beat with a concurrent transmission strateafy

The simulation results are summarized in Eig. 5. Firstlg, tHooks to maximize the number of transmissions each with a
baseline SDMA-MAC has the lowest sum throughput, whickingle spatial stream.

A. Smulation Results
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TABLE Il
DETAILED SETTINGS IN THE CONSIDEREDMAC SCHEMES

) . ) . Channel
Link Adaptation Link Adaptation L
MAC Scheme TX Vectors RX Vectors (# of streams) (MCS per stream) ESE:I’[\(:’):\:IOH
Baseline Concurrent | TX Beamnulling ZF method Each link uses -ﬁl?]i 'i\gcf:iier()jer 0.152
- 0N
SDMA-MAC Eqgn. [3) Eqn. [8) only one stream. as MCS 0.

Enhanced (realistic) | TX Beamforming | MMSE method Each link uses isTe:]dea'\Qis/:S pgélle”::it(ed 0.152
SDMA-MAC Scheme Section 1Il.D Eqgn. [Z0EIL) only one stream. pvely N

(section 111.C)

Enhanced Scheme . .
with the Universal TX Beamforming MI\/IUSnIIEV%SgtiLod Each link uses isTahdeal\QiS/:; pgglgrg:lt(ed 0.152
MMSE Scheme Section 1Il.D only one stream. ptvely N

Eqn. [12EIB) (section 111.C)

at the RX
Li)ag] jl\lfr;ksi?:aasse The MCS per stream

Non-concurrent SVD tr)]azed SVD Eazed The number of is ell’]d_arﬁ)t!vely s_lelected )
MAC Scheme metho metho streams is adaptively| which is similar to 010y

see[[12] see [12] L the method in

selected to maximize section III.C

the throughput. o

REFERENCES

J.-S. Park, A. Nandan, M. Gerla, and H. Lee, “SPACE-MAGalkling
spatial reuse using MIMO channel-aware MAC,” Rroc. |IEEE ICC
'04, vol. 5, May 16-20, 2005, pp. 3642—-3646.

J.-S. Park and M. Gerla, “Mimoman: A mimo mac protocol &t hoc
networks,” inAd-Hoc, Mobile, and Wireless Networks, ser. Lecture Notes
in Computer Science. Springer Berlin / Heidelberg, 2003, 8338,
pp. 207-220.

J. Mundarath, P. Ramanathan, and B. Van Veen, “A crossrlagheme
for adaptive antenna array based wireless ad hoc netwonkailtipath
environments, Wreless Networks, vol. 13, pp. 597-615, 2007.

B. Hamdaoui and P. Ramanathan, “A cross-layer admissiontrol
framework for wireless ad-hoc networks using multiple ants,”
Wireless Communications, |[EEE Transactions on, vol. 6, no. 11, pp.
4014-4024, November 2007.

M. Park, S.-H. Choi, and S. Nettles, “Cross-layer madgteor wireless
networks using mimo,” irGLOBECOM ' 05. |EEE, vol. 5, 2-2 2005, pp.
5 pp. —2874.

K. Huang, J. Andrews, and R. Heath, “Performance of aytmal
beamforming for sdma with limited feedbackyehicular Technology,
|EEE Transactions on, vol. 58, no. 1, pp. 152 —-164, 2009.

D. Tse and P. Viswanath, Edg$-undamentals of Wireless communica-
tions. Cambridge University Press, 2005.

S. Chu and X. Wang, “Opportunistic and cooperative spatiultiplex-
ing in mimo ad hoc networks,” iMobiHoc '08. New York, NY, USA:
ACM, 2008, pp. 63-72.

B. Chen and M. Gans, “Mimo communications in ad hoc neksgr
Sgnal Processing, |IEEE Transactions on, vol. 54, no. 7, pp. 2773 —
2783, july 2006.

B. Bjerke, J. Ketchum, R. Walton, S. Nanda, |. Medveddv,Wallace,
and S. Howard, “Packet error probability prediction for teys level
simulations mimo-ofdm based 802.11n wlans,”li@C 2005., vol. 4,
May 2005, pp. 2538—-2542 \ol. 4.

P. Li, D. Paul, R. Narasimhan, and J. Cioffi, “On the digition of sinr
for the mmse mimo receiver and performance analydisfrmation
Theory, IEEE Transactions on, vol. 52, no. 1, pp. 271 —286, jan. 2006.
J. Andersen, “Array gain and capacity for known randdmarmels with
multiple element arrays at both end§8lected Areas in Communica-
tions, IEEE Journal on, vol. 18, no. 11, pp. 2172 —2178, nov 2000.




	I Introduction
	II System Description
	II-A Overview of the Generic SDMA-MAC
	II-B Mathematical Description of a Generic SDMA-MAC
	II-C Description of the Simulation Environment and Metric Used

	III Quantifying Performance with Realistic Parameters and Algorithms
	III-A MMSE vs. ZF
	III-A1 Zero-Forcing Detection
	III-A2 MMSE Detection
	III-A3 Universal MMSE
	III-A4 Simulation Results

	III-B Impact of Channel Estimation Errors
	III-B1 Simulation Results

	III-C Impact of Link Adaptation
	III-C1 Link Adaptation Design
	III-C2 Simulation Results

	III-D Combining TX Beamforming with SDMA-MAC
	III-D1 TX Beamforming Calculation
	III-D2 Simulation Results


	IV Combined Performance Characterization
	IV-A Simulation Results

	V Conclusion
	References

