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Abstract—Both in the signal processing and in the information
theory literature, it is common to assume that the array gain of
antenna arrays grows linearly with the number of antennas. How-
ever, such an assertion is valid only when the antennas are uncou-
pled. When antenna coupling is present and properly taken into
account by the signal processing algorithms, we show that both
the transmit and the receive array gain can grow super-linearly
with the number of antennas. In special cases, the receive array
gain can even grow exponentially with the antenna number. These
results are exciting, for they imply that the potential of radio
communication systems which use more than one antenna at the
receiver or the transmitter, is likely to be much higher than pre-
viously reported.

I. INTRODUCTION

When it comes to the analytical treatment of antenna arrays it
is common practice, both in the signal processing and in the
information theory literature, to assume that the individual an-
tennas of the antenna array are uncoupled isotropic radiators
(see, e.g. [1], chapter 7). A consequence of this assumption is
that the array gain grows linearly with the number of antennas
[1]. It has therefore become common knowledge in the infor-
mation theory literature, that the channel capacity of wireless
multi-input single-output (MISO), or single-input multi-output
(s1MO) communication systems grows proportional to the log-
arithm of the number of antennas, when the signal to noise
ratio (SNR) is large.

On the other hand, closely spaced antennas will, in general,
exhibit some electro-magnetic coupling [2]. It is an interest-
ing and highly relevant question, how such antenna coupling
influences the achievable array gain, and hence, the channel
capacity of multi-antenna radio communication systems, es-
pecially when coupling effects are taken into account by the
signal processing algorithms.

In this paper, we demonstrate that both the transmit and
the receive array gain may be substantially increased when an-
tenna coupling is present and taken into account when com-
puting the respective beamforming vectors. For the case of
uniform linear antenna arrays of isotropic radiators, we show
that the array gains can grow super-linearly with the number
of antennas. In case that the receiver noise is of purely thermal
origin, it turns out that the receive array gain even grows ex-
ponentially with the antenna number. Consequently, there are
cases where the channel capacity of a wireless SIMO communi-
cation system can grow linearly with the number of antennas.
This is a property that has previously been attributed only to
multi-input multi-output (MIMO) communication systems.

These results are exciting, for they show that the potential
of multi-antenna wireless communication systems might well
be substantially higher than previously reported. Key to this
increased potential are the physical coupling effects of antenna
elements in the array.

II. TRANSMIT ARRAY

Let us start by focusing on a communication system, where
the transmitter is equipped with N isotropic antennas, lined
up into a uniform linear array (ULA). The receiver shall pos-
sess a single isotropic antenna. The electric currents that flow
through the transmit antennas excite an electric field which is
turned into an electric voltage by the receive antenna. In the
absence of receiver noise, the input-output relationship can
therefore be written as

(1)

where v € C -V, is the narrow-band complex envelope of the
receive voltage, while i€ CN*1. A, denotes the vector of the
narrow-band complex envelopes of the electric currents flow-
ing through the transmit antennas. The vector z € CN*!- Q, is
the transimpedance vector, which depends on the wave prop-
agation between transmitter and receiver. Herein, the super-
script T denotes transposition, while V, A, and Q, denote the
physical units »Volt«, »Ampere«, and »Ohmg, respectively.

T.
vV =21,

A. Transmit Power

We define as transmit power, the power that is radiated by the
antenna array. In the following we assume that the antenna
array is lossless, such that the electric input power is equal
to the radiated power. As antennas are linear circuit elements,
the relationship between the vector u € CN*1 .V, of voltage en-
velopes at the transmit antennas, and the current envelope vec-
tor i, is a linear one: u = Zi, where Z ¢ CN*N . Q, is the so-
called impedance matrix of the antenna array. Since antennas
are reciprocal, Z = Z" holds true. The transmit power is given
by the expression Pry = E [Re {uH i}], which can also be writ-
ten as:

P, = E[i"Re{Z}1]. (2)

The symbol E, and the superscript 1, hereby denote the ex-
pectation operation, and the complex conjugate transpose, re-
spectively. For a ULA of isotropic radiators, the real-part of
the impedance matrix can be computed in closed form [3]:

Re{Z} = Ry-C (3)

= sinc (27‘[% (m - n)) )

where sinc(x) =sin(x)/x, A is the wavelength, A is the dis-
tance between neighboring antennas, and Ry € R, - Q, is the
radiation resistance. For convenience, a derivation of (3) and
(3a) is given in the appendix. As we will see, the transmit ar-
ray gain does not depend on the value of Ry. What matters
is the relative antenna coupling matrix: C € RV*N, As can be

(C) i (3a)
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observed from (3a), only when the element spacing A happens
to be an integer multiple of A/2, the antennas are uncoupled,
because the C-matrix becomes the identity. For all other spac-
ings, the antennas are coupled.

B. Optimum Beamforming

The transmitter uses its transmit antennas for beamforming:

(4)

where w € C¥*! x A is the beamforming vector, while s € C,
is a zero-mean, unity variance, random variable, which mod-
els the information signal that should be transfered to the re-
ceiver. The receive antenna is terminated by a resistive load.
Consequently, the receive power is proportional to the average
squared magnitude of the receive voltage envelope:

yE[I],

= ywhzz'w,

i=w-s,

PRX (5)

(5a)

where y e R, - Q7! is a positive constant, and (sa) follows by
substituting (4) into (1), and the latter into (5). Herein, z is
assumed to be constant. The optimum beamforming vector,
for a given z, is the one which maximizes the received signal
power for a given transmit power Pry:

H_x_T

Wopt = argmax wz'z w, st. Ro-wlCw < Pry,

(6)

where the constraint follows from putting (3) and (4) into (2).
It can be shown [3], that the receive power under optimum
beamforming is given by:

max
PRX

)’E[ |V|2 | w= WOPt]

Pry
LiLY4 z'clz*.

R, )

C. Transmit Array Gain

If only one transmit antenna, say the n-th one, is excited by

a non-zero electric current, the receive power becomes:

p Tx )/
0

where z, is the n-th component of z. The average received
power over all possible transmit antennas then becomes:

PRx,n = |Zn|2 >

N
single PTx V4 | 2
= —= ) |z, (8)
Rx,avr NRO nZ:l n
The transmit array gain is defined as:
PII'(naX
Ay = =R )
single
Pf{x, avr
When we substitute (7), and (8) into (9), it follows that
TH-1,%
z C'z
Ar = NI E (10)
z'z*

Recall that only when the antennas are spaced an integer mul-
tiple of half the wavelength apart, the antennas are uncoupled,
that is, C = L. For these special spacings only, the transmit ar-
ray gain equals the number N of antennas. All other antenna
spacings make the transmit array gain also depend on the an-
tenna spacing (via C), and on the transimpedance vector z,
that is, on the propagation scenario!

0=0,

( »end—ﬁre« )
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Figure 1: Transmit array gain in »end-fire« LOS (8 = 0), as
function of antenna spacing for different antenna numbers.

D. Scaling Law

Let us now look at a line of sight (LOS) propagation scenario.
We assume that the antenna array is centered in the origin
and aligned with the z-axis of a Cartesian coordinate system.
Because there is just one path connecting receiver and trans-
mitter, and the receive voltage v, is proportional to the electric
field strength at the receiver, we see from (1), and (30):

(11)

A
z=ya,
where y’, is a constant, and

a= [1 eIt .. e J(N-Dy ]T e CN¥,

(12)

is the array steering vector, where y = 27(A/A) cos 6. Herein,
0 is the elevation angle of departure - that is, the angle be-
tween wave propagation towards the receiver, and the array
axis (the z-axis of the coordinate system). When we substitute
(12) into (11), and the latter into (10), we see that the array
gain in a LOS scenario becomes:

AXS = g'cla”

(13)

—_
=]

0=mn/2,
(»front-fire«) |

(@)} oo

Transmit Array Gain, A}
N

?

N=2

0 0.5 1 1.5 2
Antenna spacing, A/A

i

Figure 2: Transmit array gain in the »front-fire« LOS (6 = 7/2),
as function of antenna spacing for different antenna numbers.
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Figure 3: Circuit-theoretic model of a receive antenna array cascaded with an impedance matching network and the inputs of

the low-noise amplifiers.

In Figure 1, the array gain that is achievable in the direction
0 =0, is depicted for different N, as a function of the antenna
spacing. We can observe that the array gain raises quickly as
we reduce the antenna spacing below A/2. The maximum ar-
ray gain happens to be equal to N That is, the transmit array
gain can grow super-linearly with the number of antennas! Fig-
ure 2 shows the achievable array gain in the direction 6 = 7/2.
For beamforming in this direction, one has to put the anten-
nas considerably apart, in order to effectively use the array for
beamforming. The optimum antenna spacing is larger than
A/2, but smaller than A. In this setup, the array gain grows
linearly with the number N of antennas, yet its peak value is
larger than N.

III. RECEIVE ANTENNA ARRAY

The receive array gain achievable by optimum beamforming,
critically depends on the spatial covariance of receiver noise.
In radio communication systems, it makes sense to distinguish
between intrinsic noise, and extrinsic noise. While the latter
comes from background radiation received by the antennas,
the intrinsic noise originates from components of the radio
frequency front end, most importantly, from the first stage of
the low noise amplifier (LNA). When intrinsic noise is the sole
source of noise, it is the state of the art to conjecture that the
receiver noise is spatially white, or at least uncorrelated. How-
ever, such a conjecture is, in general, not correct! While it is
true that the noise sources inside the LNAs do generate noise
independently, the individual noise contributions may super-
impose because of coupling effects. Coupling occurs in the
antenna array because of the proximity of closely spaced an-
tennas, and because of an impedance matching network that
can frequently be found connected between the antenna array
and the input of the LNAs.

Every electronic LNA generates two kinds of noise: voltage
noise, and current noise [4]. It turns out that current noise
contributes quite differently to the noise covariance than does
voltage noise. Therefore, the noise covariance depends on the
relative intensity of these two kinds of noise contributions. It
is specified by the so-called noise-resistance, which is defined
as the ratio of the root-mean-square (RMS) noise voltage and
the RMS noise current [4]. We show that the lower the noise-
resistance, the higher the receive array gain becomes. A low
noise resistance may therefore be even more important than
a low noise figure! For the case of noise which is purely of
intrinsic origin, a noise-resistance of zero turns out to let the
receive array gain grow exponentially with the number of an-
tennas. This result is exciting, because it demonstrates the fact
that it is possible for a SIMO radio communication system, to
have a channel capacity that grows linearly with the number
of antennas, in the high SNR regime! Such a linear growth of
channel capacity has previously been reported only for MIMO
communications.

A. Circuit-Theoretic System Model

Let us start from the circuit theoretic system model that is
shown in Figure 3. It consists of the following three blocks:
the antenna array, the impedance matching network, and the
inputs of the LNAs. The N-antenna receive array is described
as a passive, linear N-port. The received signals are taken care
of by two voltage sources per port: the voltages ug ;, model the
desired received signal, while iiy; model the received back-
ground noise (extrinsic noise). The impedance matching net-
work is described by:
Uua
]

(14)

jim(z) jRe(2) ]

jRe{Z} ofl is
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Herein, Z € CN*N . (), is the impedance matrix of the antenna
array. The two vectors uy € CN1.V, and ug € CN*1.V, con-
tain the complex envelopes of the voltages at the input and
the output of the matching network, respectively, while the
vectors iy € CN*1. A, and iz € CV* . A, contain the respective
complex current envelopes. The rationale behind the specific
choice of matching network in (14) becomes apparent from:

(15)

where we have stacked the desired signal voltage envelopes
ug,;, and the extrinsic noise voltage envelopes iy ; into the
vectors us € CN1.V, and diy € CN*1 .V, respectively. As we
can see from (15), the coupling of the matched antenna array
now depends only on the real-part of the impedance matrix
of the antenna array. In this way, we can directly make use of
(3), and (3a). The voltage envelopes in ug are then fed to the
inputs of the LNAs. The latter are modeled by a noiseless re-
sistor R, and two sources which model the amplifier’s current
and voltage noise envelopes, uy,;, and ix,;, respectively. Col-
lecting these envelopes into respective vectors uy € CN*1.V,
and iy € CY*'- A, we find the following system equation:

u = Q(jus +R6{Z} iN + un +jﬁN).

ug = Re{Z} ip +j(us +in),

(16)

where u = [ Uy Uy - UN ]T, is the vector of the output voltage
envelopes, and Q = (Iy + Re{Z}/R)™" Clearly, the amplifier
noise current iy contributes to the noise portion of u quite
differently than the amplifier noise voltage ux, or the back-
ground noise fix.

B. Signal Model

Let us focus again on LOS propagation. The desired received
signal is given by: ug = us - a, where a, is the array steering
vector from (12), and ug € C-V, is the information bearing
signal voltage envelope. By defining the receiver noise voltage
vector as the vector of output voltage envelopes for ug = 0:

7= Q(Re{Za}in+un+jin) eCVV, (1)
we can rewrite the system equation (16) as:

(18)

u=h-us+m,

where

h =jQa e CN, (19)

In this paper, we assume that all LNAs have the same current
noise intensity, but the current noises of different LNAs are
uncorrelated, such that E [iN 1?] = Bly, where feR, - A? is
a constant, specific to the LNA, and proportional to the noise
bandwidth. Similarly, E [uNug] = B'R*1y, where B € R, - A%
is a constant, that is specific to the LNA, and proportional to
the noise bandwidth. For the reason of brevity, we limit the
discussion to the case where there is no background noise,
hence: E [ﬁNﬁg] = 0. When we assume that all noise sources
are uncorrelated, we find that the receiver noise covariance
R,=E [1111H], can be written as:

1 2 R}
R, = BR*Q (F (Re{z}) + R_Ijl”) Q,

Y

(20)

where the noise-resistance is defined as:
2

E [[unil’]
. 2

E [|1N,i| ]

C. Optimum Receive Beamforming

=Ry| —. (21)

The receiver performs linear beamforming, according to:

H
S =w

(22)

where w e CN*! is the beamforming vector, and s € C -V is
the resulting scalar voltage envelope. The SNR becomes:

wlhhBw

wHR,w

u = wh-us+why,

SNR = E[|us|’] (23)

It is not too difficult to derive the maximum achievable SNR:

SNRmax = E[[us’] "R, h. (24)
When we substitute (19) and (20) into (24) we arrive at:
H -1
a*Y 'a
SNR pax = E[|”S|2] (25)

BR>

where the matrix ¥ € CN*V is defined in (20).

D. Receive Array Gain

If only a single isotropic radiator is present, we see by setting
N =11in (25), that the SNR becomes

E [|u5|2]
B(RG+RY)
as from (20), Y = (R} + R%)/R?, for N = 1. The receive array

gain Apy, quantifies how much more SNR we can obtain by
using all antennas of the array, compared to a single antenna:

SNR ax
sNRsingle

SNRsingle = (26)

Apy = (27)

2, p2
R§ + Ry
R*
In the following, we set the input resistance R of the LNAs
equal to the radiation resistance R, of the isotropic antenna.
As furthermore aa = N, we find for the receive array gain:

_ a'Ya R}
ARX = NW 1+ R_g .

= a'va (27a)

(28)

Note that ¥ depends on the antenna spacing A/A, by virtue
of the matrix Z. It also depends on the noise resistance Ry.

E. The Two-Antenna Array

Let us now have a look how much receive array gain can be
obtained by a ULA of isotropic radiators. Let us fix the an-
gle 0 of the beamforming to the value of 6 = 0, which cor-
responds to the direction of the ULA line-up - the so-called
»end-fire« direction. For a small array of N =2 isotrops, we
see in Figure 4, the receive array gain in dB, as function of
antenna separation. As was pointed out earlier, current noise
contributes differently to the overall receiver noise than does

Authorized licensed use limited to: T U MUENCHEN. Downloaded on May 17,2010 at 08:57:44 UTC from IEEE Xplore. Restrictions apply.



8]
—_

R4 /RE = 0
e 18F ~
o
E 151 RZ RZ = 10-—2
- N/ 0o =
s
O 12F S .
= R{/RG = 10
-
<7 2 /p2
© RN/RO =
> ol
a 6
)
()
‘:ﬂ 3,
0 i i i i i
0 0.25 0.5 0.75 1 1.25 1.5

Antenna spacing, A/A

Figure 4: Receive array gain in dB in »end-fire« direction, for
two antennas, as function of antenna spacing.

voltage noise. Figure 4 therefore contains four different curves,
which correspond to different values of the noise resistance. A
noise resistance of zero, means that the noise originates solely
from current noise. This is the case for thermal noise of a re-
sistor. One can therefore argue that zero noise resistance corre-
sponds to the case of having an ideal amplifier, which does not
introduce any additional noise besides the inescapable ther-
mal noise of the real-part of its input impedance. Hence, as
can be seen from the top most curve in Figure 4, with ideal
amplifiers, the receive array gain grows unboundedly, as the
distance of the antennas is reduced towards zero. However, as
soon as the noise resistance is even slightly greater than zero,
the receive array gain first grows towards a maximum value
as the antenna separation is reduced, and then begins to drop.
We can see from Figure 4, that the peak receive array gain
increases with decreasing noise resistance. For high array gain
it is therefore important, that the LNAs are designed such that
current noise dominates over voltage noise. A low noise resis-
tance may be become more important than a low noise fig-
ure! Note that for an antenna separation of half of the wave-
length, or integer multiples thereof, the receive array gain al-
ways equals the number of antennas. This effect comes about,
because the antennas are uncoupled for these separations, as
we have pointed out already in Section II-C.

F The Scaling Law

The noise-resistance also plays a key role in how the receive
array gain scales with the number of antennas. In Figure 5, we
see the receive array gain in dB for the direction of beamform-
ing fixed to 6 = 0. For a fixed antenna spacing of A = 0.4, we
have drawn five different curves, each of which corresponds
to a different noise-resistance. The best and most remarkable
performance is achieved as the noise-resistance is reduced to
zero. As we have discussed in Section III-E, this case models
the ideal amplifier, which only generates thermal noise inside
the real-part of its input impedance. As we can see from the
top-most curve in Figure 5, the receive array gain grows expo-
nentially with the number of antennas. Because at high SNR
the channel capacity grows proportional to the logarithm of
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(=}

Ry=0
R4 /R; =107

AW |

R} /R5 =107 A

W
(=)
T

'
(=}

| R} /R2=10""

Ry — o0 7

Receive Array Gain in dB
[\ W
(=} (=}

Ju—
(=)
T
I

00 2 4 6 8 10 12 14 16 18 20
Antenna number, N

Figure 5: Receive array gain in dB in »end-fire« direction, as
function of the antenna number, for A = 0.41.

SNR, the exponential growth of the receive array gain with
the number of antennas leads to a linear growth of the chan-
nel capacity with the antenna number. Such a linear growth
has previously been attributed only to MIMO communication
systems, which can exploit spatial multiplexing, that is, can
transfer several data streams at the same time using the same
band of frequencies. However, as we have demonstrated, it is
possible to achieve a linear growth of channel capacity with
respect to the antenna number, already with a wireless SIMO
system, that is, a radio communication system which employs
multiple antennas only at the receiver.

When the noise-resistance is increased, we observe from
Figure 5, that the exponential growth of the receive array gain
with respect to N, starts to flatten out as N is increased over
a certain limit, which depends on the noise-resistance. In the
limit of an infinite noise-resistance — which just means that
there is only voltage noise present at the receiver —, there is
no longer any exponential growth, but the receive array gain
merely increases linearly with N, just as if the antennas were
uncoupled. In order to enjoy high performance it is necessary
to make sure that we have both a low noise-resistance, and
coupled antennas. The former is a matter of high-frequency
engineering of the LNA, while the latter can be achieved by
using antenna spacings below half the wave-length. As can
also be observed from Figure s, it is by no means necessary
to space the antennas very closely, since a rather moderate
spacing of A = 0.4, already shows significant increase of the
receive array gain compared to the »vanilla, half-wavelength
spaced antenna array.

For finite noise-resistance which is larger than zero, it turns
out that the receive array gain does not increase monotoni-
cally with the number of antennas, as can be observed from
two of the curves in Figure 5. That is, it can happen that in-
creasing the number of antennas actually leads to a lower re-
ceive array gain. At first glance, this effect may look surprising,
or even strange. However, it can be understood from the fact
that adding one antenna to an array, changes the way how the
other antennas perceive the channel. To be more specific, the
channel vector from (19), usually changes in all of its compo-
nents, when we add one more antenna to the array, because
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the new antenna is located in the near-field of its neighbors,
and therefore, usually changes the electro-magnetic field per-
ceived by the remaining antennas. This is the reason behind
the fact that adding one antenna may not necessarily improve
performance.

It is interesting to note that there is a fundamental differ-
ence between receive and transmit array gain, since the trans-
mit array gain only may grow quadratic with N, in a line of
sight propagation scenario. Therefore, it usually does matter
whether the multiple antennas are located at the transmitting
or the receiving end of the link. Especially, note that when
Ry =0, we have from (20) that ¥ = C? for R = Ry, such that
from (28) and afa = N, follows

Agx = a'c?a.

Comparison with (13) shows the fundamental difference in the
two array gains explicitly, because the coupling matrix C ap-
pears in the second inverse power for the receive array gain,
but only in its first inverse power for the transmit array gain.
Only when C =1, there is no difference.

IV. ConcLrusioNn

Receive array gain depends on four factors: 1) the number of
antennas, their radiation characteristics and spacing, 2) the
noise-resistance of the receive amplifiers, 3) the direction of
beamforming, and 4) the properties of background radiation.
In order to obtain large array gain, the amplifier current noise
should significantly dominate over its voltage noise and the re-
ceived background radiation. Therefore, a low noise-resistance
may be even more important than low noise-figure! Large re-
ceive array gains are possible, even increasing exponentially
with the number of antennas. In theory, the channel capacity
of wireless SIMO systems can therefore grow linearly with the
number of antennas — a property which is usually ascribed
only to multi-input multi-output (MIMO) systems.

On the other hand, the transmit array gain depends on two
factors: 1) the number of antennas, their radiation character-
istics and spacing, and 2) the direction of beamforming. In a
line-of-sight scenario, the transmit array gain can come arbi-
trarily close to the square of the number of transmit antennas.
For this to happen, it is essential that the antenna spacing is
below half the wavelength. Exponential growth of transmit ar-
ray gain is, however, not possible in a line of sight propagation
scenario. Consequently, there is, in general, a fundamental dif-
ference between wireless MISO and SIMO communication sys-
tems, which only vanishes in case that the antennas that form
the array are uncoupled. In case of uniform linear arrays of
isotropic radiators, this happens when the antenna spacing is
chosen to be an integer multiple of half of the wavelength.

Antenna array based wireless communication systems may
possess a much higher potential than previously reported. The
key to this increased potential lies in the antenna coupling of
closely spaced antenna arrays, that has to be known and taken
into account by transmit and receive signal processing.

It should be noted, that even though we have used isotropic
radiators for ease of development, the results also hold quali-
tatively for more realistic antennas, as is demonstrated by the
authors in [5], for arrays of Hertzian dipoles.

APPENDIX

The complex envelope of the electric field strength in a dis-
tance r and elevation angle 0, in the far field of a ULA of
isotropic radiators, located in the origin and aligned with the
z-axis, can be written as (see e.g., [6] on pp 250 and 258):

e—j2nr//\ N
E=a Ze—ﬂn;(n—l) cos 0 in,

n=1

(29)

where i, is the complex envelope of the current flowing into
the n-th radiator, A is the wavelength, and « is a constant.

4 . T
Defining the array steering vector a = [1 e .. eI (N-Dk ] ,
where y =2m(A/A) cos B, we can rewrite (29) as:
e—j2nr/)t
E=a——a i, (30)
r

where i = [ iy iy - iN ]T. The power density is then given by
(see e.g., [7], eq. (8) on page 571):

S= (x’E[|E|2]

(31)

where a’ > 0 is another constant. The radiated power is then
obtained by integrating the power density over a sphere in the
far-field around the array:

[[ s
sphere

4 |af* B iH(lf a*(e)aT(e)sin(e)de)i
— e — 2 0
Ry

- %E[i‘*a*(e)a%)i],

Prad

¢ (32)

Assuming that the radiators are lossless, the radiated power

equals the electric input power from (2), such that the real-

part of the array impedance matrix can be readily obtained

from (32):

Re{Z} =R,-C, (33)

where the radiation resistance Ry € R, - Q, and the coupling

matrix C € R¥*Y | are defined in (32). The result (3a) then
follows from (32) and (12) by standard integration:

(= 3 [, ot sim@ya0
0
. A
= sinc (27‘[1 (m-— n)) . (34a)
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