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Abstract

Multiple antenna transmitter and receiver architectures that combine antenna selection with RF
pre-processing have been shown to significantly outperform conventional antenna selection with
the same number of RF chains. Often, performance close to a full complexity architecture (with
more RF chains) is also achieved. This paper studies the effect of hardware and signal processing
non-idealities on such architectures. We show that they are robust to quantization, phase, and
calibration errors introduced by RF phase-shifters, and also to the channel estimation errors.
While insertion loss does lead to performance degradation, performance better than conventional
antenna selection is observed for typical insertion loss values.
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achieve performance close to FC in many cases. The form
of the RF pre-processing solution depends on whether $patia
multiplexing or spatial diversity is used. However, in both
cases, a phase-only restriction on the elements leads ¢t-pra

also achieved. This paper studies the effect of hardware and Cal implementations that use only variable phase-shitiacs

signal processing non-idealities on such architectures. g/show
that they are robust to quantization, phase, and calibratio
errors introduced by RF phase-shifters, and also to the chamel
estimation errors. While insertion loss does lead to perfanance
degradation, performance better than conventional antena se-
lection is observed for typical insertion loss values.

Index Terms— MIMO systems, Spatial multiplexing, Diversity,
Antenna arrays, Antenna selection, Information rates, Phae
shifters, Quantization, Calibration, Estimation

I. INTRODUCTION

Multiple input multiple output (MIMO) antenna systems
promise dramatic improvements in link capacity [1] at the

incurs a negligible loss in performance [4].

RF pre-processing circuits are familiar to the microwave
community for applications such as analog beamforming [6],
[7] that maximize the signal to noise ratio (SNR) and
help in interference suppression [8]. Several designs for
variable-phase shifters based on Silicon or GaAs PIN diodes
GaAs FETSs, ferro-electric materials, piezo-electric $aucers
(PET), etc., have been investigated [9]-[12]. These dasign
differ in their insertion loss, chip area, operating voéiaghase
error, time required to tune the elements, etc.

In this paper, we study the robustness of antenna selection
with RF pre-processing to the non-idealities of the hard-

expense of increased hardware and signal processing com-

plexity. Each antenna element at the receiver (transnitter
requires a low noise amplifier (power amplifier), a frequenc
converter, and an A/D (D/A) converter. Antenna selectio
which adaptively chooses a subdetout of the N available
antennasl/N-selection), is a promising solution for reducin
the RF chain count (see [2] and the references therein).eNhi
L/N-selection is better than a system with onlyantenna
elements, a penalty is paid in the form of reduced codi
gain when compared to a full complexity (FC) system with
N antenna elements and RF chains. Selection schemes
have been proposed for spatial multiplexing, in which npldti
data streams are transmitted simultaneously from difter
antennas, and spatial diversity, in which the same data

transmitted from all antennas.

Recent approaches [3]-[5] have advocated linear RF pldee
processing, which involves spatially filtering the recéive
signal in RF, followed by selection. These have been sho

ware implementations as well as the signal processing non-
idealities, both of which can potentially erode the prestict
ains. For such systems, we study the effect of phase and
calibration errors and insertion loss on the fundamentahSh
non capacity for spatial multiplexing and the output SINR

Sor spatial diversity. Imperfect channel estimates thatuoc

ue to noise during channel estimation can also degrade the

r{Jerformance of RF pre-processing with selection. Theegfor

e study its impact as well. We thus obtain the requirements
on the RF elements for such a design to succeed. While only
receiver side selection is illustrated in this paper, agails
arguments hold for the transmitter as well.

en

-SThe rest of the paper is organized as follows. Section I
dlescribes the system model. Various receiver architectne
2scribed in Section 11l and the RF and channel estimate
imperfections are modeled in Section IV. Results are ptesen

\}\;hSection V, followed by conclusions in Section VI.

to always outperform conventional antenna selection, and
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Il. SYSTEM MODEL

Let N; denote the number of transmit antennas and
denote the number of receive antennas. The received vector,
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where|.| denotes the determinant and’ denotes the Hermi-
tian of a matrix.

B. Pure Antenna Selection

Selection (Optional)
Down—conversion
=

Signal . :
H M pric_d A pure selection receiver selects the bestut of IV, rows
I of H. Its capacity is
Nt \\ // Nr
—_— o Csel = _ max 1Og2 INt + Ni:[:ITI:I’ .
Fig. 1: Block diagram for spatial multiplexing transmigsio HeSL(H) ¢
with RF pre-processing. S1,(H) denotes the set of all x N, sub-matrices of.

. L C. Instantaneous Time-Variant Pre-Processin
y, in baseband representation, is given by g (™)

In this receiver, the entries of the x N, pre-processing
y = P ax +n, (1) matrix, Mry, are allowed to vary as fast as the instantaneous
Ni channel statdd. Thus, TV tracks the small-scale fading in
wherex is the transmitted data vectd is N, x N; channel the channel. The optim@Iry is the conjugate transpose of
matrix and p is the received SNR input to a receivershe L left singular vectors oH corresponding to it largest
antennan is the additive white Gaussian noise and followsingular values [3]. The capacity is given by
the distribution\.(0,1y,), where N, denotes the complex I
_Gaussu’;m d|st_r|but|_or() is th_e all zeros mean vectpr adg, Cry = ZlogQ <1 T ﬁ/\f) ’
is the NV, x N,. identity covariance matrix. The received vector, Ny
y, is sent through a RF pre-processing malvix followed by
selection, down-conversion, and baseband processing. ~ WhereJ; is thei™ largest singular value of. This L x N,
In spatial multiplexing, multiple data streams are simultre-processing matrix outpufs streams, thereby eliminating
neously transmitted, as shown in Fig. 1. In spatial divgrsitthe need for subsequent selection.
the transmitted vector takes the fosn= vb, whereb is the ) ]
data symbol and’ is the transmit weight vector. D. FFT Pre-Processing Followed by Selection
We adopt the widely used Kronecker correlation model [16] This is an alternate approach that uses the FFT Butler
that accurately represents many practical channels afestte matrix, F, for pre-processing [5]. Note thd is completely
The instantaneous channel matrix can be represented as independent of the channel state. Selection is performed on
the virtual channeFH, and the capacity is given by

i=1

H = R:H,T?, )
where the entries ofH,, are i. i. d. complex Gaussian Crrr =  max  log, INt—i—ﬁf{TfI‘.
~ MN.(0,1), andR and T are the receiver and transmitter HeS. (FH) Ny
correlation matrices, respectively. E. Channel Statistics-Based Pre-Processing (T1)
Ill. PERFORMANCE OFRECEIVER ARCHITECTURES In T, the pre-processing matrix, denoted B, depends

In this section, we list the performance metrics for varioughly on the large-scale slowly-varying parameters of the
receiver architectures considered in the literature. Ppatial channel such as the mean angle of arrival (AoA), angular
multiplexing, the metric is the capacity in bits/s/Hz, angpread, etc., [4]. It is for this reason that we refer to it as
for spatial diversity, it is the output SNR. The receiver haie time-invariant solution (TI).
instantaneous channel state information (CSI). Eachvecei When My, is of size L x N,, no subsequent selection is
has L. < N, demodulator (demod) chains, except for théequired. The optimaMr, that maximizes the ergodic capac-
FC receiver that hadV, demod chains. Spatial multiplexingity takes the formMy = [p, 1y, ..., 1. ]', wherep, is the
receivers are described below. Descriptions of spatiardity ~eigenvector of the receiver correlation matRxcorresponding
receivers are omitted due to space constraints and are giteiis [ largest eigenvalue. The capacity is given by
in [3].

A. Full Complexity (FC)

The FC receiver optimally combines signals from all the \yhan My is of size N, x N,, it is followed by L/N-

antenr_las, and, by definiFion, ac_hieves th_e largest aCHmvag’election.Mﬂ then consists of all the eigenvectorsIRf
capacity among ".’1" receivers witli; receive antennas. lts Phase-only approximations to TV and Tl that require only
channel capacity is given by variable-phase shifters to implement them shall be redetwe

as TV-Ph and TI-Ph, respectively. These have been shown to
incur a negligible performance loss [4].

Cr = log, I, + NﬁMT.HHTM$, .
t

Crc = log,

P rrt
Iy, + —H'H
Nt Nt "



IV. MODEL FORNON-IDEALITIES TABLE I: Ergodic capacity with imperfect CSI fof = 45°

Implementing the phase-shifters using finite bit-resoluti andog = 15°.
digital phase-shifters introduces quantization erronsadidi-
tion, the phase-shifters suffer from phase and calibratioors
that cause an offset in the desired phase. The phase ereors ar 0 |578| 3.70 | 3.47 2.61
typically 1°-3° [13]-[15]. The calibration error is taken to be
uniformly distributed with mea® and a range0°.

Insertion loss is defined as the measured power loss through
the phase-shifter. The RF phase-shifters are associatidd WABLE II: Ergodic capacity with phase quantization and
insertion losses of the order of 0.9-6.0 dB [12]-[14] calibration error ford = 45° and oy = 6°.
the phase-shifters are placed before the low noise amplifi _

(LNA) (as shown in Fig. 1), insertion loss and losses in theeselution| FC Bf)Ph (TrlFO)D) (TOI;';h (Tif&) Ant. Sel
switch lead to a reduction in the SNR.

Due to noise during estimation and the inherent time- Ideal 465|386 | 38 |38 | 38 |243
varying nature of the wireless channel, the channel estisnat
used in RF pre-processing and selection are imperfect. The
imperfect channel estimat#fes;, is modeled as 2 bit 4.65| 3.61 3.60 3.56 3.55 2.43

OH FC | TV-Ph | TI-Ph | Ant. Sel.

0.6 | 578 | 3.52 3.46 2.45

D]
=

3 bit 4.65 | 3.80 3.80 3.78 3.77 2.43
fa}

Hest=H + o Herr, (3) performance does not degrade. Here Figure 2 plots the cor-

whereH is the actual channel matrix between the transmitté?Spondmg capacity CDFs and studies the effect of channel

. . . stimation errors for spatial multiplexing. For referenttee
and the receiver and has Gaussian entxied/.(0,1). oy is P P g

. oo 8= CDF of the capacity achieved by a system with = 4
the RMS error_an(Herr is the channel error matrix, with i. i. d. transmit antennas andy, — 1 receive antenna (anbl = 1) is
Gaussian entries- N..(0, 1).

also shown.
Spatial diversity behaves similarly — TI-Ph is insensitioe

estimation non-idealities, while TV-Ph shows more sevigjti
We compare the different receiver architectures, desdribe

earlier, in the presence of the various non-idealities. fioum B. Impact of Phase Quantization and Phase error

linear array is considered with 4 transmit and receive arden  The ergodic capacities of TV-Ph and TI-Ph with different
(N¢ = N, = 4) and only one demod chairL(= 1). Spatial bit-resolutions and calibration errors are tabulated ibldal.
multiplexing systems will typically have more RF chaidsi= The capacity of TI-Ph using a 2-bit phase-shifter (step306j

1 is the worst case. The capacities (or average output SN&t)d 3-bit phase-shifter (steps #5°) is within 0.3 bits/s/Hz

of the receivers are compared. The cumulative distributi@md 0.1 bits/s/Hz, respectively, of an ideal TI-Ph receiign
function (CDF), which describes the entire distributiori, dnfinite phase resolution. Figure 3 shows the effect of phase
the capacity is also plotted. The spacing between the aatemguantization and phase errors on the capacity of TI-Ph. Also
elements is taken to bé= 0.5\, where\ is the wavelength, measured is the effect of calibration error that is unifgrml
and the mean AoA i¥ = 45°. The RMS angular spread shalldistributed betweent:10°. We see that RF pre-processing is
be denoted bysy. For simplicity, we assume that there is ngobust to calibration error. TV-Ph behaved in a similar menn

V. RESULTS AND SIMULATIONS

transmit correlationi.e., T = Iy,. For spatial diversity, the effect of phase quantization is
o slightly worse. For example, the average output SNR for TI-
A. Impact of Channel Estimation Error Ph for p = 10 dB with infinite phase resolution is 15.78 dB,

Table | compares the ergodic capacity for various receivéthile that with 2-bit quantization is 14.78 dB.
architectures when the pre-processing matrix and thetgatec
are based on imperfect C5l.We see that TI-Ph receiver's
capacity is approximately 1 bits/s/Hz greater than thatwep  Table Il tabulates the ergodic capacity of TV-Ph and TI-
antenna selection. Also, the statistics-based solutioirTis Ph for different insertion losses and compares them with the
more robust to channel estimation errors than the instantas ideal (no insertion loss) FFT, FC, and conventional sedecti
solutions. When the channel estimates at the receiver have™gure 4 plots the corresponding CDFs of capacity. It can be
RMS erroroy = 0.6, both TV and pure antenna selectiorf€en that a 2 dB insertion loss reduces the TI-Ph capacity to

incur an approximately.2 bits/s/Hz loss. However, TI-Ph's that of ideal FFT-selection. An insertion loss of about 5 dB
degrades the performance of TI-Ph to conventional selectio
INote that the losses in the citations are not at the samedneguHowever, Similar trends were also observed in spatial diversity.
they do provide an estimate of the range of insertion lossdsetexpected
from such devices. VI. CONCLUSIONS

2Not only does imperfect channel estimates lead to incomsetection, it We i tigated th bust f . . hit
also reduces the MIMO capacity. However, the latter toplzeigond the scope € Investugate € robustness or various receiver awnite

of this paper, and is taken to be perfect. tures, including RF pre-processing and antenna seledion,

C. Impact of Insertion Loss



TABLE llI: Ergodic capacity with insertion loss fo# = 45°
andogy = 6°.

Ins. loss| FC | TV-Ph | TI-Ph | FFT | Ant. Sel.

0dB 458 | 3.82 3.80 | 3.17 2.43

2dB - 3.22 3.20 - -

4 5 6 7
Capacity (bits/s/Hz)

Fig. 3: Impact of phase quantization and calibration error:
Capacity CDF forp = 6 dB, § = 45°, andoy = 6°.

09

4 5
Capacity (bits/s/Hz)

Fig. 2: Impact of channel estimation error: Capacity CDF for o8
p=06dB, § =45° andoy = 15°. Pt

RF non-idealities and channel estimation errors. Bothigpat

multiplexing and spatial diversity were evaluated. We sbdw o2 7
that RF pre-processing based on only large-scale statistic oar ]
such as covariance [4], is very robust to the channel estmat oL - : : : !

3 4
Capacity (bits/s/Hz)

errors, while the performance of instantaneous CSl-based p
processing [3] degrades slightly. This result is notablealnse, Fig. 4: Impact of insertion loss: Capacity CDF for= 6 dB,
under ideal conditions, the latter performs better. Thikesa ¢ = 45° andoy = 6°.

the statistics-based solution more suitable for rapidlyivey

channels. Furthermore, RF pre-processing solutions rsaffe [6] T. Ohira, “Analog smart antennas: An overview; Proc. PIMRC,

negligible performance loss due to calibration errors amitkfi pp. 1502—1506, 2002.
bit quantization. A 3-bit quantization gives performanéese [7] T. Ohira, “Microwave signal processing and devices faalag beam-
to that of infinite resolution phase-shifters. The insertioss forming,” in [EEE AP-Sintl. Symp. USNC/URS! National Radio Sdence

. . . Meeting, pp. 583-586, 2000.
introduced by the RF elements is the main reason for perfofg) s 1. smith, “Phase-only adaptive nullinglEEE Trans. Sig. Proc.,

mance degradation. If it is high enough, the performance of vol. 47, pp. 1835-1843, 1999. _
RF pre-processing is worse than that of conventional aatenf?] G- M. Rebeiz, G.-L. Tan, and J. S. Hayden, "RF MEMS phastiesh:

. . Design and applicationsJEEE Microwave Mag., pp. 72—-81, 2002.
selection. In this case, the LNAs must be placed before I?]!'_0] D. Kim et al., “2.4 GHz continuously variable ferroelectric phase gt

pre-processing. using all-pass networksEEE Microwave and Wreless Components
Letter, vol. 13, pp. 434-436, 2003.
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