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MIMO Capacity Enhancement Using Parasitic
Reconfigurable Aperture Antennas (RECAPS)
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Abstract—The capacity of multiple-input multiple-output
(MIMO) systems employing reconfigurable apertures (RECAPs)
is carefully analyzed with a realistic thermal noise model for three
different power constraints: average receive signal-to-noise ratio
(SNR), maximum effective isotropic radiated power (EIRP), and
average transmit power. Performance is studied not only for a
noise-limited single link, but also in the presence of interference
and multiple RECAP-equipped users. The impact of loss and finite
bandwidth on the operation of the RECAP is also considered. For
the practical EIRP constraint, results show that a compact MIMO
RECAP (1A x 1)) provides 30%-50% capacity improvement for
a single link. It is also found that RECAPs are even more beneficial
in interference-limited and multiuser scenarios, where capacity
is increased by 50% to 800% depending on the severity of the
interference, indicating that RECAPs are an attractive solution
for future wireless systems employing aggressive spectral reuse.

Index Terms—Information rates, interference suppression, mul-
tiple-input multiple-output (MIMO) systems, reconfigurable an-
tennas.

I. INTRODUCTION

ELIABLE and high performance transmission con-

tinues to be a major goal of wireless communication
systems, which is significantly enhanced by arrays employing
beamforming and diversity techniques. Multiple-input mul-
tiple-output (MIMO) wireless technology emerged in the 1980s
and has gained increasing attention due to the significant gains
in channel capacity [1], [2], possible by exploiting channel
multi-path with spatial multiplexing. In a communication
system, the channel matrix includes effects of the physical
propagation environment and antenna radiation and reception
characteristics. Antennas can be viewed as transmit and re-
ceive filters that are ideally matched to the physical channel,
enhancing signals of interest and mitigating noise and inter-
ference to maximize capacity [3]. Although for a single fixed
antenna, no adaptation of spatial filtering is possible, multiple
fixed antennas connected to multiple radio frequency (RF) and
digital signal processing (DSP) chains can employ the “smart
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antenna” concept [4] to provide dynamic spatial filtering. How-
ever, the increased RF and DSP resources may be prohibitive
for many applications.

The term reconfigurable aperture (RECAP) antenna [5], [6]
refers to a large array of analog reconfigurable elements (REs),
which can be manipulated in order to support beam-steering,
signal-to-noise (SNR) maximization, interference suppression,
and dynamic matching. In contrast to smart antennas, RECAPs
adapt directly in the analog radio-frequency (RF) domain and
require only a single RF chain and modest DSP resources, po-
tentially providing lower cost. RECAPs are also interesting for
MIMO systems, where the optimal antenna array exploits the
multi-path to provide peak capacity while using as few active
RF chains as possible. Also, for multi-user systems RECAPs
can adapt patterns to dynamically partition spatial reuse of spec-
tral resources.

Optimal antenna selection for MIMO has been considered
(e.g., [7]), where only a few antennas out of a set of antennas
are chosen for capacity maximization with lower complexity.
The improvement in the channel capacity using a reconfigurable
antenna is presented in [8], where moderate sized switched par-
asitic arrays with relatively few REs are used. A practical an-
tenna solution providing multiple patterns with a single fixed
antenna is presented in [9], exhibiting improved performance
compared to spatially separated dipoles. Capacity maximization
using planar RECAPs at transmit and receive is investigated in
[10], where each antenna acts as a single RECAP. A reconfig-
urable MIMO array consisting of two dipole elements is intro-
duced in [11], where by adaptively changing the length of the
dipoles, modest increases in single-user capacity are possible.
The important study in [12] shows that MIMO systems with re-
configurable antennas have a maximum diversity order equal
to the product of the number of transmit antennas, receive an-
tennas, and the reconfigurable states. This idea is expanded in
[13], where not only practical space-time coding methods that
code over the antenna state to maximize diversity are developed,
but also practical aspects like antenna switching time are con-
sidered.

This previous work on reconfigurable MIMO systems has
some limitations. First, only simple termination-independent re-
ceiver noise has been considered, which is known to be in-
accurate for analyzing MIMO systems with variable termina-
tion [14]. Second, limited reconfigurability has been considered,
which may be insufficient to exploit the degrees of freedom of
the occupied aperture. Third, the role of the power constraint
has not been studied in detail, where typically only an average
transmit power constraint has been assumed. Finally, capacity
maximization for a single link limited by thermal noise has been
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considered, but multi-user systems with interference are more
realistic for today’s wireless scenarios.

This work provides a more comprehensive analysis of ca-
pacity enhancement possible with reconfigurable antennas by
addressing these previous shortcomings. To this end, we study
a RECAP consisting of a 9 x 9 parasitic array having sufficient
complexity to exploit a compact 1A x 1A aperture as studied
in [15]. In contrast to [10], the complete aperture is exploited
rather than using separate RECAPs for each MIMO antenna. A
realistic noise model is considered in order to take into account
the effect of matching on amplifier noise. Three realistic but
distinct power constraints are also considered, indicating where
RECAPs are most effective: 1) average signal-to-noise (SNR),
where transmit and receive power are normalized and the focus
of optimization is on channel orthogonality and multi-path en-
hancement; 2) effective isotropic radiated power (EIRP), which
allows power enhancement at receiver but not at transmitter,
which is more practical for many of today’s communication sys-
tems; and 3) average transmit power, which is a commonly as-
sumed constraint allowing power enhancement at both transmit
and receive. In addition to considering a single link limited by
thermal noise, we also consider fixed interference and multiple
RECAP-equipped links.

The remainder of the paper is organized as follows: Section I1
explains the simulation method that was used to study RECAPs,
followed by Section III that defines MIMO capacity with power
constraints. Section IV studies the MIMO channel capacity
using RECAP antennas in comparison with non-RECAP arrays,
and Section V concludes the paper.

II. ANALYSIS OF PARASITIC RECAP STRUCTURE

The structure considered in this study is depicted in Fig. 1(a),
which is a 9 x 9 dipole array consisting of z-oriented half-wave
dipoles constrained to an area of 1\ x 1\ in the 2y plane. Each
dipole is either an active “feed” (connected to a transmit or a re-
ceive chain) or terminated with a reconfigurable element (RE),
each of which has 8 possible reconfigurable states (RSs) to en-
sure sufficient control over the aperture [ 15]. The top view of the
structure is shown in Fig. 1(b), where REs and feeds are indi-
cated by squares and circles, respectively. In this work, we con-
sider propagation in the zy plane, where the two-dimensional
array can generate patterns with both endfire and broadside char-
acteristics.

REs are assumed to be variable capacitances, such that the re-
flection coefficient presented at the kth port is I'y, = e/**, where
ay, € [—180°,0°]. We have assumed that cv;, is uniformly dis-
tributed on [—180°, 0°] as presented in [15]. Although planar
RECAPs with realistic RE biasing are arguably more practical,
this study employs this simple structure, since it can be simu-
lated efficiently and its performance is not constrained by prac-
tical limitations of existing switch technologies, biasing, sub-
strate losses, etc.

Time required for RE switching for a dynamic reconfigurable
antenna was treated in [13] for MEMS switches, indicating that
this overhead can significantly impact system throughput. For
our analyzed structure employing variable capacitances (i.e.
varactor diodes), the switching time is expected to be a few
ns, which is on the order of a symbol for existing modulation

DD DDEEEE 00000 OoOo®
EEEEEEENEN ooooooooon
DDDDemDEOmEDa@ OooDoOoo0ooOoO
oooEooeEEoE Y 0OoDOoOoooooo
EEeEEEO®EN l_' ooooooooo
EEEEEEEEN r 00O0OOO0OooOo
ENEENemEEE ° ooooooooon
EEEEEEEEN OooDoOooooOoO
DD EDEEEE EO0000000D@

Fig. 1. Configurations for non-RECAP and RECAP arrays: (a) perspective
view of the parasitic RECAP with 2 feeds. (b) Top view of RECAP configu-
rations, where red boxes show RE positions, blue stars and circles show feed
locations for 2 x 2 and 4 x 4 MIMO respectively. (c) Top view of antenna
positions for non-RECAP for 2 x 2 MIMO (stars) and 4 x 4 MIMO (circles),
where boxes are empty locations.

standards. Thus, switching at the beginning of a transmission
frame should incur negligible overhead. On the other hand,
if tunable MEMS devices are used, switching times could be
higher, requiring longer block lengths to mitigate overhead as
explained in [13]. Although a detailed analysis of switching
time for dynamic adaption in time-varying channels is beyond
the scope of this paper, this remains an important consideration
for practical systems. Thus, this present work demonstrates
the benefit of the RECAP concept for MIMO systems, and
practical aspects are to be treated in future work.

A. Efficient Simulation of RECAP Structure

Efficient simulation of the RECAP is accomplished by com-
bining full-wave simulation of the array with network analysis
for RE loading. The structure is first analyzed using the Nu-
merical Electromagnetics Code (NEC), which yields the ad-
mittance matrix Y and short circuit embedded radiation pat-
terns E*°(8, ¢) of the arrays, where e3¢ (6, ¢) gives the radiation
into polarization p for unit voltage excitation on port &, when
the other ports are short-circuited. S-parameter analysis is more
convenient for this study, where the S-parameter matrix S and
matched (Zg-terminated) patterns E™¢ are computed as

S=(I+2Z,Y) I Z)Y) (1)
and
mc ESC(57 (/))
E™@,¢)= — 2 Z(I— S 2
(0, ¢) 7o ( ) 2

respectively, where Zj is the real scalar normalizing impedance,
and I is the identity matrix. Note that the matched circuit pat-
terns in (2) are embedded patterns, where the entry (’;}f(g é)
gives the pattern radiated into polarization p when port % is
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Fig. 2. MIMO system model and noise matching for LNAs. (a) System model; (b) LNA matching.

driven with a unit incident wave and the other ports are termi-
nated in Zp loads (I" = 0).

Next, network analysis is used to find radiation patterns and
the input reflection matrix of the feeds for arbitrary RE termina-
tion. Defining ap and br as the Ng x 1 vectors of incident and
reflected waves on the feed ports and agr and by as the corre-
sponding Ny X 1 vectors on the RE ports

|:ij| — |:SFF SFR:| {HF} (3)
br Skr Srr| |ar
——— N——

b S a

where S has been partitioned according to feeds and REs. Ter-
minating RE ports with loads having reflection matrix ', we
have ar = I'rbg, where I'y is a diagonal matrix with I'g 1 =
I'g . Combined with (3)

ap =r(I — Sgrl'r) 'Srrar
br = [Srr + SrrIr(I — Srrl'r) 'Srr| ar

o/

“
&)

I'r.in

where I'r ;,, is the input reflection coefficient matrix looking
into the feed ports for the given termination at the REs. In this
work, we choose Zy = 72 € to be closely matched to a single
half-wave dipole. The field radiation pattern of the RECAP with
RE termination is

e(t,¢) = [EF°(f. ¢)

-

Q)

me ar
B (0,0 2
Eme(8,4)
where Ef°(6, ¢) and ER°(6, ¢) represent matched patterns cor-

responding to feeds and REs respectively. Substituting (4) into
(6) yields

e(#,¢)= [Ep“(6, ) +Ex*(6, $)Tr(I—Sgrl'r) 'S ] ar

/

En< (8,)
(N
where E5. (6, ¢) represents matched patterns of feed ports with
RE port termination I'g.

B. System Model

Next, we consider using RECAPs at transmitter (Tx) and re-
ceiver (Rx) to form a complete system, as depicted in Fig. 2(a).
Note that unprimed and primed RECAP quantities denote those
at Tx and Rx, respectively. At Tx the kth feed is connected to

source voltage vy ; with internal impedance Z, = Zy. The in-
cident traveling waves ar on the feed ports are simply ap =
vr/(2v/Zy), and radiated far fields are given by (7). The RE-ter-
minated receive array is modeled in a similar manner, expect
that due to external incident field, a source wave term b{, must
be included, such that b, = F’F’ina’F + by. Assuming a plane
wave arriving at angle (6}, ¢}) and reciprocity

I Laonl T, Y
by = [ FT (927@)} e (0, 1) (®)

where ¢ gives the polarization and complex amplitude of the
plane wave.

A multi-path model is assumed consisting of KX clusters and
Ly, paths (or rays) within the kth cluster, where the £th path in
the kth cluster has angle of departure (6. ¢r¢ ), angle of arrival
(00, ¢%0)> complex amplitude cvgr, and time of arrival 73, or
ei““(ﬁfw7 Do) = apee 19T @B, drr), where w is frequency.
Although depolarization of the paths is not considered in this
work, this could be included by making ay, a matrix. Superim-
posing the waves due to all paths

. , . .
[Eﬁ ( Zf,%z)} aree T ERL(Ore, re) ax.

o~

(€))

Skx,Tx

C. Noise Modeling

In order to consider a realistic system, where noise from the
low-noise amplifier (LNA) at the receiver depends on the feed
reflection, we employ an LNA model equivalent to [14], where
equivalent forward (a,,) and reverse (b,,) traveling noise waves
at the LNA input are needed to properly model real transistors.
The receiver consists of a matching network, forward and re-
verse noise sources, and LNA as shown in Fig. 2(a). The mul-
tiport LNA is assumed to consist of multiple uncoupled LNAs
with optimal reflection coefficient I, normalized equivalent
noise resistance r,,, and minimum noise figure F,;;,, available
from a standard LNA data sheet.

Straightforward analysis at the connection of array and
matching network reveals

(10)

by = Prvian + brm



668 IEEE TRANSACTIONS ON ANTENNAS AND PROPAGATION, VOL. 60, NO. 2, FEBRUARY 2012

where
Trn=Swm22+Sm21TF iy (T- S 11Tk ) - Smiz  (11)
bra=Sata1 [I+T s, (I=SuuTh )~ S| bl (12)
The incident wave a into the amplifier is found to be,
ay = LI — TPpmla] H(Teuby, +a, + brv). (13)

Q

In this work, a fixed (non-RECAP) array is used as a refer-
ence case for gauging performance improvement, and an iden-
tical uncoupled matching network is assumed on each of the N},
receive feeds such that I'ryg = I'op,c I for the reference, where
T'opt is the source reflection coefficient that provides optimal
noise performance. The same uncoupled matching network is
employed for the RECAP, and noise coupling from one feed to
the next and deviation of I'ry; can lead to reduced SNR.

Fig. 2(b) shows the uncoupled matching arrangement on each
branch that transforms F’F‘in’k = 0 to I';yiine = Dopt using
a reciprocal lossless matching network, such that S#S = I,
where S is a 2 x 2 matrix. The required conditions are satisfied
with

Sll = 522 = Fopt
S12 = So1 = j\/l - |F0pt|2€jéropt~

(14)
(15)

Sy is a 2 x 2 block matrix, where the i7th block is equal to
S;;1 from (14) and (15), and I is an Nj. x N} identity matrix.
Note that the fixed matching network can also be lumped into
the LNA to form the effective LNA shown in Fig. 2(b), with
new optimal reflection coefficient I, ,;, and equivalent noise re-
sistance 77 .

Plugging (9) into (12) and the result into (13) yields

ay =Q ( Irarby,+a,
o\

y n

1
+SM,21|:I‘|'F,F‘in(I_Sl\r’l,llr/}jin) SM,lli| Skx,Tx aAF >
' N

vy

x

H

(16)

where H is the channel matrix, Sgy 1« is from (9), n is noise,
and x and y are input and output signals. The linear term Q
applied to both signal and noise does not change capacity and is
omitted. The noise covariance R,, = E{nn’’} is

R, = puliyo? + 102 + 2Re{Tpyona . (17)
where o2, 02, and oy, are [16]
2
2 2 ag Fmin -1 1
=E{|b, ; =—|— 18
O'b {|))7 ‘ } ZO |: 47)1] 1+1—10pt|2:| ( )
2 ; 2
2 2 g, Fmin -1 |Fopt |
=E i =V . 1
g {|(ln, | } Zo |: ar, |1+Fopt |z ( 9)
2
I, .
G0 =B{by iy} =7 onl _estr—trse (20)

ZO |1+F0pt|2

where r, = R, /Zg, Ry, is the equivalent-noise resistance, a?, =
4Pt R, is the noise voltage covariance, Pt = xToW, k is
Bolzmann’s constant, 7 is reference temperature, and W is
bandwidth. Since P,.r is the same for the reference and RECAP
systems and SNR of the reference system is fixed, P, has no
effect on capacity and is set to 1.

Note that since a data sheet typically assumes Zy = 50 {2,
which is different from the value used in our analysis, the trans-
formation

Z5" (14 155) = Zo (1~ I'G5)

I, = 20 21
T ZE (A TE) + 20 (1-T8) .

is required, where Fgf,t and Z§® are optimal reflection and ref-

erence impedance from the data sheet.

Summarizing, the MIMO input-output relationship is given
by (16), where RE-dependent noise covariance R, is computed
from (17)—(20), where parameters R,,, ngt, and Fl,;, are avail-
able from a standard LNA specification. Although computation
of the noise covariance in this way seems cumbersome com-
pared to MIMO analyses that directly specify R,,, the added
complexity is necessary to capture noise coupling of the active
ports and variable input impedance of the receive array, which
both affect capacity when thermal noise is significant compared
to interference.

D. LNA Specification

This analysis uses the MAXIM MAX2656 LNA, having
Fuin = 1.79 dB, noise-equivalent resistance R, = 43.23 2,
and optimum reflection coefficient Fggt = 0.130/124.5° (at
1960 MHz and Zg®* = 50 ) [17]. Since the specific LNA may
affect the simulations and conclusions, we briefly consider the
impact of the LNA choice.

Analysis of the RECAP mainly depends on how sensitive the
noise figure of the LNA is to the reflection coefficient presented

by the RECAP. Noise figure for uncoupled LNAs is [16]
|Fin - 1—‘opt|2

F = Fon + 4r, - -
14 Pope|? (1 = [Tiu]?)

(22)

where Ty, is the reflection coefficient looking into the output of
one of the matching networks. Assuming a lossless matching
network shown in Fig. 2(b) that transforms the source reflection
Iiinr = 0toT'emine = Tope of the LNA, it can be shown
that for Ty . # 0,

2
1— |Pope [ ‘F/F’i“”“‘

= Fmin +4ry,

. (23)
2
|1 + Foptl 1 _ Fl

2
F,in,k-’

7

Ttl

where 7, is the the equivalent LNA noise resistance referenced
back to the input of the matching network where ', = 0.
Fig. 3 shows noise figure degradation F' — F,,;,, in dB for dif-
ferent values of 7/, and |I';,|? using (23), where 'y, 2 I'Fink-
As 7/, increases, the penalty of mismatch can increase dramati-
cally. However, our chosen amplifier (as indicated in the figure)
has moderate sensitivity to mismatch, making it a good candi-

date for this initial study. Amplifiers with much higher r}, would
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Fig. 3. Effects of r/ and |Ti,|? on F — Fuin.

simply increase mismatch penalty, which would more strongly
constrain the set of useful RECAP states, possibly resulting in
reduced capacity.

E. MIMO Channel Modeling

The channel matrix H is given by (16), where Sgx T« is found
according to the path-based model in (9). In this work we con-
sider models where attention is restricted to the azimuthal plane
(7 and ' are 90°). Two propagation models are assumed for the
paths between Tx and Rx:

1) Uniform Model: In this simple model, a single cluster is
assumed (K = 1) with . = L, rays having arrival times 71, =
0. Angles of arrival (¢},) and departure (¢1,) are uniformly
distributed on [0°, 360°] and <, has a unit variance complex
normal distribution.

2) SVA Model: The more realistic Saleh-Valenzuela angular
(SVA) model [18] assumes K clusters, where the arrival of the
kth cluster (7%) has the conditional pdf

P(Tk|mr1) = Ae” AT TR0, =0
(24)
where A is the arrival rate of the clusters. Relative arrival time

of the £th ray within the £th cluster has the pdf

Te-1 < T < OC,

p(7k£|7'k,£—1) _ )\e*A(‘FH*m.ﬁfl)

s T f—1< TEe< 00, Tk1= Tk
(25)
where X is the arrival rate of rays.
The complex amplitude of the £th ray in the kth cluster (cuze)
is complex gaussian, where the variance decays exponentially

with arrival time according to

E{|ak£|2} = ¢ /To g =(The =74}/ TR (26)
and T and T’y are the cluster and ray decay time constant, re-
spectively. The azimuthal angle of the kth cluster at transmit
and receive is ®;, and ®;, respectively, which are uniformly
distributed on [0°, 360°]. The relative transmit and receive an-
gles of the £th ray in the kth cluster are vy = ¢r¢ — P and
vy, = ¢}, — ®}, which follow a double-sided Laplacian distri-
bution with pdf p(v) = 1/(v/20) exp[—|v2v/a|], where o is
the angular spread.

Although RECAPs that can adapt to each instantaneous value
of are, ¢re and ¢}, are optimal, this rate of adaptation may be
unrealistic for practical implementation. Thus we also consider
a system that adapts average RECAP performance when the ¢,
and (/)§€ , are fixed, but only the cvz¢ are random. We refer to the
former and latter cases as instantaneous and average RECAP
optimization, where average performance is computed in the
latter case using 10 realizations of ay.

F. Genetic Algorithm

Due to the large number of RE combinations, obtaining the
optimal solution with an exhaustive search is not feasible, and a
genetic algorithm (GA) is employed. The GA employed in this
work is basically equivalent to that described in [15], except
that REs at both transmit and receive end are jointly optimized
to maximize the capacity.

Note that the purpose of using genetic algorithms in this work
is only to explore the peak potential of RECAP-enabled MIMO,
since such algorithms may be too expensive for in-situ optimiza-
tion due to the extensive training overhead and computation
time required. The development of direct RECAP optimization
methods more suitable for real-time optimization is a long-term
goal of this research, to be treated in later work.

III. MIMO CAPACITY WITH CONSTRAINTS

For the analysis of MIMO channel capacity, we have used the
RECAP structure explained in Section II, for both Tx and Rx,
forming a MIMO system. In order to properly scale power and
assess RECAP capacity gain, a reference non-RECAP antenna
array is considered, having the same number of feeds and area
as the RECAP, but consisting of matched dipoles. Although an-
tennas were placed as far apart as possible for the reference case,
some initial experiments were required to find the best place-
ment of feeds for the RECAP to give peak capacity. Having
feeds too close to the aperture center or edge reduced the ca-
pacity of the RECAP, and a balanced arrangement gave the best
performance.

Channel capacity is computed from

C = log, (det [I+ HRH”R,']) 27
and for equal power allocation Ry = (Pr/Nw)I, where Pr is
the total Tx power, and N is the number of Tx feeds. Lumping
noise covariance into the channel matrix results in

H, = HR,_'/? (28)

where R, 172 i computed using (17). Plugging (28) into (27)

Pr
C = log, (det [I + N—FH,,Hf D (29)
which can be interpreted as the capacity of an effective channel
H,, for i.i.d. noise (unit variance) and transmit power Fr.

A convenient way of enforcing the different power con-
straints in this study is to first define the average single-input
single-output (SISO) gain of a given system as

[H]I

Gsiso(H) = ——-

= NN (30)
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where ||.||¢ is Frobenius norm and N}, is the number of feeds at
Rx, which indicates the average power gain provided by channel
matrix H with respect to all active ports. The desired SNR p of a
system can then be fixed by normalizing that system by its SISO
gain according to H, = Gs—lls/(f (H,,)H,, and setting transmit
power as Pr = pGgs,(H,), resulting in the equivalent ca-
pacity expression

O = log, (det {I +H HHD (1)

Ny "=

where - represents the normalized quantity. Below we explain
how this normalization can be used to implement power con-
straints for three realistic cases.

Fixed SNR Constraint (Case 1): The total amount of trans-
mitted/collected power is the same for both the non-RECAP and
RECAP structures. This constraint ensures that the RECAP can
only increase capacity by improving channel orthogonality or
conditioning. For Case 1, channel matrices corresponding to a
non-RECAP reference (REF) and the RECAP are normalized
as

(32)
(33)

—1/2
En,REF = GSIS/O (Hn,REF)HmREF
—1/2
En = GSISO (H,,])H,,.

Normalizing each system individually by its own SISO gain
forces the RECAP and reference case to both have average SISO
SNR p when computing capacity with (31).

Max EIRP Constraint (Case 2): Here we constrain the
EIRP of the RECAP to be no larger than that of the reference
(non-RECAP) system. This is accomplished by setting transmit
power Pr such that a prescribed SNR p is obtained for the
reference system, and this same transmit power is also used for
the RECAP system. Maximum EIRP of the RECAP system is
then limited to be equal to or lower than that of the reference
system by scaling the embedded RECAP radiation patterns
according to

maxe k ‘elﬁl%EF(d’) ‘

o5 (0)]

o

erri(¢) = erri(9) (34)

maXe

'

Ci

mc

where ef's. .(¢) refers to the radiation pattern of the ith feed at
Tx, e;flﬁEF((/)) refers to the one corresponding to the sth feed of
the reference (non-RECAP) Tx, and e}5. ,(¢) is used in place of
e?{’i(q‘)) when computing Sgy. Ty in (9) when ¢; is less than or
equal to 1 (i.e. when a RECAP feed provides higher maximum
gain than a non-RECAP feed). The non-RECAP and RECAP
channels are normalized respectively with (32) and

H, = Gy (H, rer)H,. (35)
Note that although the advantage of transmit beamforming by
the RECAP is removed due to the maximum EIRP normaliza-
tion, both channels are normalized by the SISO gain of the ref-
erence system, preserving possible enhanced power collection
with receive RECAP beamforming.
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Fig. 4. Instantaneous and average MIMO channel capacity for a simple non-
RECAP array (dashed lines) and RECAP (solid lines): (a) 2 x 2 MIMO with
L =4, (b)4 x 4 MIMO with L = 8.

Average Transmit Power Constraint (Case 3): In this case,
only average transmit power is constrained such that a pre-
scribed SNR p is obtained for the reference system, and no
constraint is placed on directional gain of Tx or Rx antennas.
Specifically, channel matrix normalization is done using (32)
and (35), allowing the RECAP to obtain a power advantage
through both transmit and receive beamforming.

IV. MIMO CAPACITY ANALYSIS

Since the advantage of RECAP may depend on the number
of antennas, we consider both 2 X 2 and 4 x 4 MIMO systems.
Fig. 1 shows the top view of transmit/receive antennas for the
RECAP and non-RECAP structures for the analyzed 2 x 2 and
4 x 4 MIMO systems. Results are for the uniform path-based
model and reference SNR p = 10 dB, unless otherwise noted.

A. Single User MIMO Capacity

Channel capacity for single user communication is computed
using (31) where H, is computed using the cases in Section IIL.

1) 2 x 2 MIMO System: Fig. 4(a) plots the capacity for the
RECAP and non-RECAP structures for average and instanta-
neous optimization. Note that capacity for the non-RECAP does
not change with constraint type, since the reference has con-
stant SNR, and the slight difference with respect to optimization
type is due to different Monte Carlo realizations. For fixed SNR
(Case 1), RECAP capacity is only marginally better than that
of the non-RECAP, indicating that two channels of sufficient
quality are obtained without reconfigurability, and the RECAP
cannot significantly improve this.

The main advantage of RECAP is power, with significant im-
provements seen when moving to the EIRP constraint (Case 2)
and the transmit power constraint (Case 3). It is also apparent
that average optimization is only slightly worse than instan-
taneous optimization, which is reasonable for power enhance-
ment, since multi-path directions are mainly important, not the
phases of signals sent in those directions.
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2) 4 x 4 MIMO System: Fig. 4(b) shows that RECAP perfor-
mance is more flat with respect to the constraint type for the 4 x
4 MIMO system, suggesting that power advantage is less impor-
tant and more opportunity for improving channel conditioning
exists. Also a more significant gap is seen between average and
instantaneous optimization, indicating not only mutli-path di-
rections but also phases are important to attain peak capacity.
Finally it is interesting that the transmit power constraint for the
2 x 2 RECAP system gives almost the same performance as the
4 x 4 system with the EIRP constraint.

B. Single User MIMO Under Interference Constraint

Most practical systems for personal wireless communications
are interference limited, and we therefore study the effect of
interference on single-link capacity in detail. In order to model
the effect of interference, we extend R, to be the covariance
matrix of noise and interference, or

P
R, =R, +HH? -1 (36)

Nr

where H represents the channel matrix between the interferer
and receiving antennas, other - quantities are for interferer, anal-
ogous to those at Tx, and we assume Ny = Np. Plugging (36)
into (27) and simplifying yields

~ o\t
(x+ LA, ) ) ] )
L (37)
where p = Ggiso(H,,) Pr is interference-to-noise ratio. Since
p depends on proximity of the interferer, values of p between
0 to 20 dB are considered. We assume that the interfering node
employs a non-RECAP structure and Sy 1« is computed as

P
C =log, | det | I+ —
0g2<e +N

F

R 7 .

S me' (7 -~ —JwWTReAIC (g n

SvaTXZE E [ FT( k:fn(/’kzzﬂ aee T ERT(Ore, drr)-
k=1¢=1

(38)

1) 2 x 2 MIMO System: Fig. 5(a) plots the capacity of a
2 x 2 system with L = 4 multi-path for both non-RECAP and
RECAP. The case for p = 0 dB, is similar to no interference. As
p increases, non-RECAP capacity steadily drops towards zero,
since for interference with rank Np = Np, it is not possible for
the non-RECAP to null the effect. Although capacity for both
the non-RECAP and RECAP is falling with increasing p, closer
inspection reveals that the capacity gain of using the RECAP
over the non-RECAP actually increases with increasing p. Per-
formance degradation is much smaller for the RECAP since REs
can be used to null interference, suggesting the possibility of ag-
gressive spectral reuse.

2) 4 x 4 MIMO System: The results for varying p are shown
in Fig. 6(a) for L = 8. The overall effect is same as that of 2
x 2 system, but the curves are flatter with respect to the power
constraint, indicating that power advantage is less important for
more feeds for fixed interference as well. However, improve-
ment relative to the non-RECAP is still very significant, espe-
cially for severe interference.
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Fig. 6. Channel capacity for single user 4 x 4 MIMO with fixed interference
for a simple non-RECAP array (dashed lines) and RECAP (solid lines): (a) uni-
form multi-path with L = §, (b) SVA model.

C. Multi-User MIMO

Building on the idea of employing aggressive spectral reuse,
we next consider a true multi-user scenario where users opti-
mize their RECAPs to maximize sum capacity. This is different
from the case of fixed interference, since the role of the transmit
RECAP becomes more important to reduce interference to the
other user. Although for fixed interference, the user does not
have control over interference, he also does not care about how
much interference he causes. For the multi-user case, interfer-
ence can be controlled but users also impact each other. Ca-
pacity degradation due to interference depends on proximity,
and p between 0 and 20 dB is again considered.

Two links are considered, where each receiving user expe-
riences interference from the transmitter of the other link and a
joint optimization is done in order to maximize the sum capacity
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Fig. 7. Channel capacity for two-user 2 x 2 MIMO for a simple non-RECAP
array (dashed lines) and RECAP (solid lines): (a) uniform mutli-path with L =
4, (b) SVA model.
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Fig. 8. Channel capacity for two-user 4 X 4 MIMO for a simple non-RECAP
array (dashed lines) and RECAP (solid lines): (a) uniform mutli-path with L =
8, (b) SVA model.

of both links. Individual capacity of each link is calculated using
(37), except now in (38), the Tx RECAP patterns of the other
link are employed instead of B (8xe, die) for a non-RECAP.
Fig. 7(a) shows MIMO channel capacity per user for the 2 x 2
multi-user system with increasing p, exhibiting similar RECAP
capacity gain as the fixed interference case. The relative gain in
moving from Case 1 to Case 2 is higher for multi-user compared
the single user case with fixed interference, likely due to the fact
that Tx RECAPs can now be controlled to avoid interference.

Fig. 8(a) shows the results for the 4 x 4 MIMO system. By in-
creasing p, the improvement with respect to constraint type be-
comes even flatter than the 4 x 4 case for fixed interference. Sur-
prisingly, RECAP capacity per user is now lower than that for
fixed interference, indicating that jointly suppressing incoming
interference and avoiding outgoing interference becomes more
difficult for more active feeds.
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Fig. 9. Effect of losses for a simple non-RECAP array (dashed lines) and
RECAP (solid lines): (a) 2 x 2 MIMO with uniform multi-path and L = 4, (b)
4 x 4 MIMO with uniform multi-path and L = 8.

D. SVA Propagation Model

The simple path-based model is convenient, but possibly
over-simplistic to represent true propagation scenarios, and
hence we also consider the Saleh Valenzuela Angular (SVA)
model [18]. The parameters of the model are assumed to be
Te = 34ns,Tp = 29 ns, I/A = 17 ns, 1/X = 5 ns and
o = 26°, taken from [18]. The model makes use of a threshold
value after which it stops looking for multi-path, which we have
assumed to be — 10 dB, generating 50 multi-path on average.

Results for SVA channel simulations have been plotted
next to the respective plots for the simple path-based model
in Figs. 5-8. There is not a dramatic impact compared to the
simple channel model. For the non-RECAP case, capacity is
slightly more degraded in some results with increasing p due to
more paths. For the RECAP case the curve trends are similar,
but curves are shifted up slightly in some results showing
that RECAP is more advantageous with increased multi-path.
However, in general changes are only marginal.

E. Effects of Losses and Bandwidth on Channel Capacity

Bandwidth limitations and RE loss are important considera-
tions in practical RECAP structures, and in this section we study
these two effects. First we consider loss by including a series re-
sistance with each RE ranging from 0-10 2. Fig. 9(a) shows the
results corresponding to the 2 X 2 single user system without
any interference. There is no impact of loss for Case 1 since
power differences are removed. Moving to Cases 2 and 3, the
impact of loss becomes increasingly prominent, resulting from
reduced gain of the RECAP, which decreases the channel ca-
pacity. More performance loss is observed for the 4 x 4 MIMO
system as shown in Fig. 9(b).

Another important aspect is finite bandwidth, and in order to
study its effect a two sided bandwidth of 20 MHz is assumed
at a center frequency of 3 GHz. Capacity is computed as the
average capacity at the center frequency and two band edges
for a single fixed RECAP structure. Channels are normalized as



MEHMOOD AND WALLACE: MIMO CAPACITY ENHANCEMENT USING PARASITIC (RECAPs) 673

20— T T 20— - /
18 18 Single Freg/ 1
161 : 16+
N Single Fre i N
I I
> 14 }/ 3 14}
1) ; @
= 5 20 MHz BW
=V g < 12}
2 2
'S S Single Fre
S 10t oz B %10»:::::::3::1-
S z S 20 MHz BW
8t 8t
Single Freq
6 - _ _ __ _____ 6
20 MHz BW
4 . . 4 . .
Case 1 Case?2 Case3 Case 1 Case?2 Case3
€) (b)

Fig. 10. RECAP capacity for 20 MHz bandwidth and the SVA model for a
simple non-RECAP array (dashed lines) and RECAP (solid lines): (a) 2 x 2,
(b) 4 x 4.

before, except now the largest (worst case) normalization factor
of the three frequencies is used.

Fig. 10(a) indicates that finite bandwidth results in a small
capacity reduction for the 2 x 2 non-RECAP. Although RECAP
performance is minimally impacted in Case 1, for Cases 2 and 3
some reduction is seen, comparable to the difference of average
versus instantaneous optimization. Results for the 4 x 4 system
in Fig. 10(b) are similar with a slightly larger gap between single
frequency and finite bandwidth curves.

V. CONCLUSION

This work has analyzed MIMO capacity improvements pos-
sible with a simple RECAP structure for different scenarios and
system power constraints. The results indicate that very large
gains relative to fixed antenna MIMO systems are possible, es-
pecially for interference-limited and multi-user environments,
suggesting that RECAPs may enable aggressive spectral reuse.
Consideration of finite bandwidth and losses has indicated that
RECAPs can also provide most of this capacity improvement
even with these practical impairments.
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