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Abstract— The capacity of Multiple Input Multiple Output
(MIMO) systems has received much attention in recent years.
In this paper, we analyse the capacity of MIMO systems for the
3GPP-3GPP2 Spatial Channel Model (SCM). We examine the
impact of number of antennas, inter-element distance and mutual
coupling, assuming both waterfilling and uniform transmit power
allocation schemes, for different SCM scenarios. We also compare
the simulation results with prior measurement results. The
comparison provides insight into the accuracy of MIMO capacity
predictions using SCM model.

I. INTRODUCTION

Multiple Input Multiple Output (MIMO) systems, which

use multiple element antennas for signal transmission and

reception, are expected to play a key role in improving the

performance of future wireless communication systems [1],

[2]. It has been shown that if the signal fading between pairs

of transmit and receive antenna elements are independent and

identically distributed (i.i.d.), the capacity of MIMO systems

can increase linearly with the number of antennas [3]. These

idealized conditions are, however, not fully met in practice

and the performance of a real MIMO system is affected by

non-ideal propagation conditions [4] and by mutual coupling

effects due to finite spacing of antenna elements [5], [6]. In

order to provide better assessment, MIMO capacity investiga-

tions have been carried out using more realistic channel mod-

els [7]–[10]. Many MIMO measurement campaigns have also

been conducted and channel capacity examined in different

propagation scenarios [11]–[15]. It is important to provide an

assessment of these results against standardized channel model

predictions for comparable MIMO system evaluations.

The Spatial Channel Model (SCM) is a standardized model

developed by 3GPP-3GPP2 for evaluating MIMO system

performance in outdoor environments [16], [17]. It incorpo-

rates important parameters such as phases, delays, doppler

frequency, angle of departure (AOD), angle of arrival (AOA)

and angle spread to provide a description of MIMO channels.

It also takes into account spacing in transmitter and receiver

arrays, which makes mutual coupling investigation feasible.

In this paper, we investigate the MIMO capacity using the

Spatial Channel Model of [16]. We consider both waterfilling

and uniform transmit power employed at the transmitter. We

present simulation results to investigate the MIMO capacity as

a function of number of antennas and inter-element distance, in

propagation scenarios covered by SCM. We also compare the

SCM capacity predictions with prior work. The results provide

insight into the accuracy of MIMO capacity predictions using

SCM model.

This paper is organized as follows. The general system

model is introduced in Section II. The SCM channel model is

described in Section III. The simulation results and comparison

to prior work are discussed in Section IV and Section V.

Finally conclusions are presented in Section VI.

II. SYSTEM MODEL

Consider a narrow-band single user MIMO system with NT

transmit and NR receive antennas. The overall MIMO input-

output relationship can be represented in vector notation as

y = Hx + n (1)

where y is the NR ×1 received signal vector, x is the NT ×1
transmitted signal vector, n is the NR ×1 zero-mean complex

Gaussian noise vector with independent, equal variance real

and imaginary parts, and H is the NR × NT normalised

channel matrix. Each element Hij represents the complex

gains between the jth transmit and ith receive antenna.

We consider two channel scenarios. If the channel state

information is known only at the receiver and the channel is

i.i.d. Rayleigh fading, then uniform transmit power is optimal

at the transmitter [3]. In this case, the capacity is given by

CEP = log2

[

det

(

I +
ρ

NT

HH†

)]

bps/Hz (2)

where det(·) denotes the determinant of a matrix, I is an NR×
NT identity matrix, ρ is the average received Signal to Noise

Ratio (SNR), and H† is the complex conjugate transpose of

H.

If the channel state information known at both the trans-

mitter and receiver and the channel is i.i.d. Rayleigh fading,

then waterfilling is optimal at the transmitter [4]. The resulting

capacity is given by

CWF =
m

∑

i=1

log2(µλi)
+ bps/Hz (3)

where µ is chosen from the waterfilling algorithm, which is

ρ =

m
∑

i=1

(µ − λ−1
i )+ (4)
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where (·)+ denotes taking only those terms which are positive

and λ1, λ2, . . . , λm are the eigenvalues of HH† with m =
min(NT , NR).

A. Mutual Coupling

When antenna elements are placed close to each other,

the electromagnetic field generated by the current flowing in

one antenna causes a voltage to be induced in neighbouring

antennas. This is called mutual coupling. For half-wavelength

dipoles, analytical expressions can be used to model the effect

of mutual coupling in MIMO system.

The coupling matrix C is defined as [18]

C = (ZA + ZT )(Z + ZT IN )−1 (5)

where ZA is the antenna’s impedance in isolation (for l = λ/2
dipole, ZA = 73+j42.5Ω), IN is the identity matrix, ZT is the

impedance of the receiver at each antenna element, chosen as

the complex conjugate of ZA to obtain an impedance match

for maximum power transfer, and Z is the N × N mutual

impedance matrix. For the side by side configuration and

dipole lengths l = λ/2, an element of the mutual impedance

matrix Zmn, where 1 ≤ m,n ≤ N , is given by [18]

Zmn =



















30[0.5772 + ln(2Kl) − Ci(2Kl)] m = n

+j[30(Si(2Kl))], (6a)

30[2Ci(u0) − Ci(u1) − Ci(u2)] m �= n

−j[30(2Si(u0) − Si(u1) − Si(u2))], (6b)

where u0 = Kdh, u1 = K(
√

d2
h + l2 + l), u2 =

K(
√

d2
h + l2 − l), dh is the horizontal distance between the

two dipole antennas and Ci(u) and Si(u) are the Cosine and

Sine Integrals respectively defined as Ci(u) =
∫ u

∞

cos(x)
x

dx

and Si(u) =
∫ ∞

0
sin(x)

x
dx.

Taking mutual coupling into account, the channel matrix H

can be modified by multiplying the coupling matrix CR and

CT for transmitter and receiver respectively.

y = HMCx + n (7)

where HMC = CRHCT is the modified channel matrix.

B. Normalization

In order to investigate the effect of inter-element distance

and mutual coupling, channel matrix should be properly nor-

malized. There are two main normalization methods. The first

one normalizes HMC such that

‖HMC‖2
F = NT NR (8)

where ‖(·)‖2
F is the Frobenius norm.

This normalization is performed on each realization of

the channel matrix, which includes the propagation channel

and antennas. The limitation of this normalization is that the

differences in the channel gain due to antennas are removed.

However this type of normalization permits investigation of

correlation between the channel matrix entries and gives good

indication of the richness of the multipath environment [5],

[10], [19].
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Fig. 1. Important parameters in the 3GPP SCM for a cluster of scatterers [16].

In the second normalization,

‖H‖2
F = NT NR (9)

This normalization is also performed on each realization of

the channel matrix, which includes the propagation channel

only. This normalization permits investigation of the effects

of instantaneous changes of received power due to mutual

coupling [20].

III. SPATIAL CHANNEL MODEL

The SCM is a detailed system level model for simulating

urban micro-cell, urban macro-cell and suburban macro-cell

fading environments [16]. It considers N cluster of scatterers.

Each cluster corresponds to a resolvable path. Within a resolv-

able path (cluster), there are M unresolvable subpaths. In this

paper, we consider a downlink system where a Base Station

(BS) transmits to a Mobile Station (MS). A simplified plot of

the model is shown in Fig. 1.

For a NT element linear BS array and a NR element linear

MS array, the channel coefficients of one of the N multipath

components are given by a NR × NT matrix of complex

amplitudes. Assuming omnidirectional antenna elements are

employed at the BS and MS and neglecting pathloss and

shadowing, the channel impulse response for the lth path

between the sth transmit and uth receive antenna can be

written as [16]

hu,s,n(t) =

√

Pn

M

M
∑

m=1

{

exp[j(kds sin(θn,m,AOD) + φn,m)]

× exp[jkdu sin(θn,m,AOA)]

× exp[jk‖v‖ cos(θn,m,AOA − θv)t]

}

(10)

where j =
√
−1, k is the wave number 2π/λ, λ is the carrier

wavelength in meters, Pn is the power of the nth path, M is

the number of subpaths per-path, ds is the distance in meters

from BS antenna element s to the reference (s = 1) antenna,

du is the distance in meters from MS antenna element u to

the reference (u = 1) antenna, ‖v‖ is the magnitude of the
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TABLE I

MAIN SIMULATION PARAMETERS FOR SCM CHANNEL MODEL

Aspect Parameters Value or Description

Carrier frequency fc 2 GHz
BS antenna spacing dT 0.5λ

Global MS antenna spacing dR 0.5λ
SNR ρ 3, 10, 20 dB
No. of simulation runs 10, 000
No. of Paths 1
No. of sub-paths 20
Mean AS at BS E(σAS) = 5◦

rAS = σAoD/σAS 1.2
Suburban Per-path AS at BS (Fixed) 2◦

Macro BS per-path AOD Distribution η(0, σ2

AoD)
Mean AS at MS E(σAS,MS) = 68◦

Per-path AS at MS (Fixed) 35◦

MS Per-path AOA Distribution η(0, σ2

AoA)
No. of Paths 1
No. of sub-paths 20
Mean AS at BS E(σAS) = 19◦

Urban Per-path AS at BS (Fixed) 5◦ (LOS and NLOS)
Micro BS per-path AOD Distribution N (−40◦, 40◦)

Mean AS at MS E(σAS,MS) = 68◦

Per-path AS at MS (Fixed) 35◦

MS Per-path AOA Distribution η(0, σ2

AoA)

MS velocity vector, θn,m,AOA is the Angle of Arrival (AOA)

for the mth subpath of the nth path with respect to the MS

broadside and θn,m,AOD is the Angle of Departure (AOD)

for the mth subpath of the nth path with respect to the BS

broadside. The details of the generation of relevant parameters

are given in [16]. The values of important parameter used to

generate the results in this paper are summarized in Table I,

where E(·) is the expectation operator, N (a, b) denotes a

uniform distribution over (a, b) and η(0, σ2
AoD) denotes a zero-

mean Gaussian distribution with variance σ2
AoD.

IV. RESULTS

In this section, we analyse the MIMO capacity using the

SCM channel model. We consider the two cases of urban

micro-cell and suburban macro-cell scenarios here. This is

because the simulated capacity of the suburban macro-cell and

urban macro-cell environments was found to be close to each

other. This may be due to the fact that path loss and shadowing

are not considered in (10). The BS antenna inter-element

spacing is set to 0.5λ while the MS antenna inter-element

spacing is varied over the range 0.01λ ≤ dR ≤ 1λ. The

figure of merit used is the mean capacity which is obtained by

averaging over 10, 000 independent channel realizations. For

comparison, the MIMO capacity results using the well known

i.i.d. [3] and one-ring [21] channel models are also shown.

The main values of the parameters used in the simulations are

taken from Table I [16].

A. Effect of Number of Antennas

Fig. 2 shows the mean capacity versus number of antennas

(NT = NR) for ρ = 3 dB, dT = dR = 0.5λ assuming equal

power (Eq. (2)) and waterfilling schemes (Eq. (3)). The SNR

is set to 3 dB to accentuate the capacity difference between

the two schemes. The figure shows that the i.i.d. channel

capacity increase linearly with the number of antennas and

the one-ring channel model capacity is also very close to the

i.i.d. channel model capacity. The SCM capacity, however,

does not double by doubling the number of antennas e.g.

in Fig. 2, when the number of antennas doubles from 2 to

4, the suburban macro-cell equal power capacity increases

from 2.33 bps/Hz to 3.28 bps/Hz, i.e. an increase of about

40%, while the urban micro-cell capacity increases by about

51%. Similarly, doubling the number of antennas from 4 to

8, results in increase of capacities of about 47% and 65% for

suburban macro-cell and urban micro-cell, respectively. The

results show that the SCM model gives a modest increase

in capacity due to a more realistic assumption of the signal

propagation environment.

Fig. 2 also shows that the mean capacity of urban micro-

cell scenario is greater that for suburban macro-cell scenario.

This is explained as follows: the angle spread for the suburban

macro-cell environment is lower than that for the urban micro-

cell. Thus the multipath richness is greater in urban micro-cell,

which leads to lower correlation and thus higher capacity.

Fig. 3 shows the mean capacity versus number of antennas

(NT = NR) for the same conditions as Fig. 2, but SNR ρ = 20
dB. The figure shows that the difference between i.i.d. channel

capacity and SCM channel capacity is greater at this higher

SNR value. This difference becomes bigger with increasing

number of antennas. The general trends identified in Fig. 2

are also present in Fig. 3. In addition, the performance of

waterfilling and equal power allocation schemes is very close

to each other.

B. Effect of Inter-element distance

Fig. 4 shows the mean capacity versus inter-element dis-

tance dR for SNR = 20 dB, NT = NR = 4, dT =
0.5λ, urban micro-cell scenario assuming equal power and

waterfilling schemes. The figure reveals that both waterfilling

and equal power results show the same trend. When inter-

element distance is greater than about 0.4λ, the capacity results

with and without mutual coupling are roughly the same. This

indicates that the effect of mutual coupling can be neglected

when inter-element distance is greater than 0.4λ. When the

inter-element distance is less than 0.4λ, we expect in general

for the capacity to decrease due to increased correlation. From

Fig. 4, we see that effect of mutual coupling in closely spaced

antennas can be beneficial or detrimental depending on the

normalization methods outlined in Section II.

The first normalization in (8) leads to slight increase in

capacity compared with no mutual coupling case while the

second normalization in (9) leads to degradation in capacity

compared with no mutual coupling case. This can be explained

as follows. The first normalization removes the instantaneous

received power variations due to mutual coupling by perform-

ing the normalization on the channel matrix as well as the

coupling matrix. In this situation, mutual coupling decreases

correlation between antenna elements by generating dissimilar

antenna element pattern which leads to pattern diversity. Hence

the capacity is improved. The second normalization takes
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Fig. 2. Mean capacity vs. Number of antennas (NT = NR) for SCM model,
ρ = 3 dB and dT = dR = 0.5λ.
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Fig. 3. Mean capacity vs. Number of antennas (NT = NR) for SCM model,
ρ = 20 dB and dT = dR = 0.5λ.
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Fig. 4. Mean capacity vs. Inter-element distance for SCM urban micro-cell
scenario, ρ = 20 dB, NT = NR = 4 and dT = 0.5λ.

into account the effect of mutual coupling on instantaneous

received power. Thus the decorrelation effect of mutual cou-

pling is not dominant and the capacity is slightly worse

than no mutual coupling case, i.e. mutual coupling acts as

a degradation factor. It is important to note that both of the

above findings agree with those in [22]. They depend on the

chosen normalization of the channel matrix.

V. COMPARISON TO PRIOR WORK

The MIMO capacity estimates obtained using the SCM

model show good agreement with published measurement

results. The comparison is summarised in Table II. We can

see that the SCM capacity results differ from measured ca-

pacities in real environments by approximately 30%. Such

a discrepancy has also been observed in the case of other

channel models, as demonstrated in [11].

The conclusions regarding the effects of mutual coupling are

also in line with published work, which indicate that for small

inter-element distance the mutual coupling decorrelates the

channel and reduces the received power, while for large inter-

element distance the mutual coupling increases the channel

correlation and slightly enhances the received power [5], [19],

[20], [23].

VI. CONCLUSIONS

In this paper, we have investigated the capacity of the

MIMO systems for different Spatial Channel Model [16] prop-

agation scenarios. It has been shown that the SCM capacity

does not increase linearly with the number of antennas. The

capacity of the urban micro-cell was found to be higher than

the capacity of the suburban macro-cell. This is because the

increased angle spread in the urban micro-cell reduces corre-

lation and increases capacity. In addition, mutual coupling is

negligible for inter-element distances greater than about 0.4λ.

For inter-element distance less than 0.4λ, mutual coupling can

lead to an increase or decrease in capacity (compared to the no

mutual coupling case) depending on the type of normalization

used for the SNR. Finally, the comparison of simulation results

with measurements shows that SCM capacity predictions are

within 30% of measurement results. These findings should be

of interest to the designers of future wireless systems, which

will utilize the concept of MIMO.
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