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Abstract—This paper presents a report on mutual
information based on measured indoor millimeter-wave
(mmWave) channels with multiple antennas at input and
output (MIMO). We show that for fixed indoor communi-
cation systems, an optimal antenna element spacing can be
found such that the measured mutual information almost
reaches the capacity of a perfectly orthogonal (theoretical)
MIMO channel (with the same number of receiver (RX)
and transmitter (TX) antennas). Secondly, we present,
that even though the measured channel transfer functions
(CTFs) exhibit large fluctuations (i.e., temporal dispersion),
the mutual information is mainly determined by the mean
singular value of the line-of-sight (LOS) components. Due
to their strong variations over frequency mmWave channels
are tedious when describing them with classical methods
in the frequency domain. An approximation by numerous
flat subbands leads to an error in mutual information (MI)
by 2bit/s/Hz (for 80% probability). In comparison, our
proposed method in the time domain, however, offers a
notably smaller error (1bit/s/Hz for 80% probability).

I. INTRODUCTION

With the lasting upswing of required data rates of

almost all communication systems, the utilization of new

and unused frequency bands is a must [1]. Recognized

and promising is the millimeter-wave (mmWave) band

which we consider to span from 55 to 65GHz. As

defined by many spectrum managing authorities, the

mmWave band to some extent overlaps the un-licensed

industrial scientific and medical (ISM) bands and there-

fore it is especially attractive for both industry and

the research community. On the other hand, mmWave

hardware based on gallium arsenide technology comes

with a notably higher price than the widespread silicon

based technology [2]. One of the proposed solution to

lower the price of the mmWave multiple-input multiple-

output (MIMO) transceivers is to utilize the spatial

modulation (SM), while supporting MIMO, it requires

only one radio-frequency (RF) chain [3]. Thus, mmWave

SM could represent a cost effective solution for some

areas of the wireless communication.

The efficient implementation of mmWave SM MIMO

system requires non-mobile line-of-sight (LOS) propaga-

tion conditions together with optimal antenna elements

spacing. The antenna element spacing is proportional to

propagation distance as well as wavelength according

to [4]

ζ ≈
√

Dλ

N
, (1)

where ζ is the antenna element spacing, D is the RX-TX

distance, N is the number of antenna elements and λ is

the wavelength. Please note that relation (1) represents

a simplified solution where perfectly parallel uniform

linear arrays (ULAs) with the same number of elements

N are used.
This paper deals with the channel characterization of

mmWave MIMO channels while the details regarding

system design using SM scheme can be found in [4],

[5]. In the field of the mmWave channel sounding, an

extensive research has been done in the last two decades,

e.g. [6]–[8], but for SM, the utilized measurement setups

are not optimal mainly in terms of the critical antenna

element spacing.
Also, as recently published in [9], where research

questions regarding the fundamental mmWave channel

capacities have been opened. However, while no real-

world measurement aiming at the specifics of the SM

scheme has been performed, the contribution of this

paper is following:

• We present a channel sounding campaign capturing

in total 11 measurement scenarios while over 200

channel transfer functions (CTFs) were recorded for

4×4 and 6×6 MIMO configurations.

• We analyzed the measured mutual information (MI)

dependency on 1) bandwidth, 2) antenna element

separation and 3) multipath richness of the 60GHz

indoor channel with 10GHz bandwidth.

• We demonstrate a relation between the overall MI

of the channel and the mean singular value of the

LOS components.978-1-5386-3531-5/17/$31.00 c© 2017 IEEE



(a) Measurement site I (b) Measurement site II

Fig. 1: Photographs of two out of three measurement

locations. Measurement site III is similar to the site II,

but the xy tables (emulating the ULAs as in [8]) are

placed on top of the desk with 12 cm antenna height

from the surface. All dimensions are in meters.

II. MEASUREMENT

A. Measurement locations

The measurement campaign was carried out in the lab-

oratory environment at Brno University of Technology.

We have measured mmWave channels in three different

sites, where site I and site II are depicted in Figure 1.

The difference between the measurement sites is mainly

in the multipath richness of the recorded CTFs. Site

I features the lowest amount of multipath components

(MPCs) due to the absorbing materials covering major

reflective surfaces. Site II is without absorbing mate-

rials while the ULAs are positioned such that in their

near proximity, metallic constructions of the tables are

present. This causes a notable increase of the MPCs.

Measurement site III was located in the same office as

the site II, with the main difference that the ULAs were

placed on the top of the tables visible on the right hand

side of Figure 1b.

We utilized a 4×4 MIMO setup configured with an el-

ement separation ζζζ ∈ [ζ, ζ√
2
, ζ
2 ]. For detailed information

about the MIMO configurations and element separations,

please see Table I, where all separations are determined

with a center frequency f = 60GHz.

TABLE I: List of antenna element separations used for

selected MIMO configuration and measurement sites.

Calculated using Eq. 1

ζζζ
Site I, II for D = 3m

Site III for
D = 2.5m

4×4 6×6 4×4
ζ 61.24 mm 3,32 mm 35.3 mm
ζ√
2

43.30 mm - 25.0 mm
ζ
2

30.61 mm - 17.6 mm

B. 55–65 GHz Channel sounder

The channel sounder consists of a vector network ana-

lyzer (VNA) and the transmitter (TX) and receiver (RX)

antenna. As the channel is time invariant, we are allowed

to emulate the MIMO setup by changing the positions of

the TX and RX antennas utilizing the precise xy-tables

on both RX and TX sides. The channel sounder operates

on the frequency domain principle described in [7], [8]

(The time-domain mmWave sounder is demonstrated in

[10]). In this frequency-domain method, a narrow-band

continuous wave signal is transmitted via the channel

and the signal is swept from 55 to 65GHz with a step

size of 10 MHz.

III. DATA ACQUISITION AND PROCESSING

A. Channel transfer functions

Unlike with correlative channel sounding, the fre-

quency domain channel data acquisition is straightfor-

ward according to

h̃ji(f) = s21ji (f), (2)

where f is an index to the discrete measurement fre-

quencies, i, j are, respectively, the indices of the antenna

elements of the virtual ULAs, and s21 is the S-parameter,

representing the transmission from the TX antenna to

the RX antenna. Utilizing the inverse Fourier transform

(IFT), we transform the CTF matrix

H(f) =
(

h̃11(f) h̃12(f)

h̃21(f) h̃22(f)

)
(3)

into the channel impulse response (CIR) as

hji(τ) =

L−1∑
f=0

h̃ji(f) exp

(
j
2πfτ

N

)
, (4)

where hji(τ) is the ji-th element of the multipath

channel matrix H(τ) constructed in a same manner as

shown in Equation (3) for H(f) and τ is an index to the

corresponding time instances.

B. Frequency flat subbands of the CTFs

In order to determine the MI of the frequency selective

channel, we partition the measured bandwidth W into n
frequency flat subbands according to

Bn flat(f1, f2, r) =

{
Δf

∣∣∣ (|h̃ji(f2)| > |h̃ji(f1)| − r

2
,

|h̃ji(f2)| < |h̃ji(f1)|+ r

2

)}
(5)

such that Bn flat(f1, f2, r) forms a continuously sampled

spectral space, Δf = f2 − f1 and f1 < f2 where both

are limited to the measured frequencies. The tolerance

threshold r defines the flatness of the subband. In the

following, we utilize r ∈ [1.4, 3, 5] dB. As a result, all
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Fig. 2: Typical CTF. The red piecewise linear curve

represents the frequency flat subbands.

frequency components within the flat fading subband ex-

perience the same magnitude of fading with the maximal

difference of r. Then, the measured bandwidth W is

composed of n the subbands by

Bflat(f, r) = [B1 flat(f1, f2, r), B2 flat(f2, f3, r), ...]
T .
(6)

Now, the MIMO channel matrix H(f) is approximated

with

H′′(f, r) = H(Bflat(f, r)). (7)

A graphical representation of the resulting piecewise

linear (frequency flat) subband curve is plotted in Figure

2.

C. Frequency domain mutual information determination

As outlined in [11], [12], utilizing the CTF matrix

H(f), the MI of the frequency selective MIMO channel

is given by

Iγ =
1

W
∑
f

log2 det(I+
γ

N
H(f)H(f)H), (8)

where I is an identity matrix and γ is the signal-to-noise

ratio (SNR).

In Figure 3, the effect of the antenna separation for

ζζζ ∈ [ζ, ζ√
2
, ζ
2 ] is plotted. For the sake of comparison, we

also plot the MI function of a perfectly orthogonal LOS

(simulated via identity matrix, representing an upper

bound of a theoretical channel) and Rayleigh fading.

1) Impact on the antenna element separation: From

Figure 3 we read that for γ=20 dB, Iγ=30.60 bit/s/Hz for

the orthogonal LOS channel (identity channel), while

for the measured channel with the optimal antenna

separation Iγ=27.82 bit/s/Hz, so to the upper limit of a

theoretical channel, there remains 2.78 bit/s/Hz (≈8.9%

decrease). The smaller the element separation, the lower

the MI Iγ=23.40 bit/s/Hz (≈23.5% decrease) and finally

-20 -10 0 10 20 30
 [dB]

0

5

10

15

20

25

30

35

40

45

M
ut

ua
l i

nf
or

m
at

io
n 

[b
it/

s/
H

z]

Fig. 3: Variations of the antenna element separation and

the effect on the MI. Measurement site I, 4×4.

Iγ=20.57 bit/s/Hz (≈ 32.7% decrease) for the smallest

element separation.

2) Impact on the bandwidth: We measure the channel

with a bandwidth of 10 GHz while the orthogonality

condition Eq. (1) holds only for the center frequency

60 GHz. Therefore, the orthogonality is impaired, the

wider the measured bandwidth. This is visible in Figure

4. For γ=20 dB, and a bandwidth of 1 GHz, Iγ=27.82

bit/s/Hz, i.e., 2.83 bit/s/Hz higher then for the case with

10 GHz bandwidth. All the so far mentioned values are

for Measurement site I, which has the lowest amount of

MPCs.

3) Impact of the Measurement site: In Figure 4 we

can also observe the MI function for Measurement

site III. It is seen, thanks to the stronger reflections,

thus impaired orthogonality, the MI is lower by 1

bit/s/Hz @ BW=1 GHz. For BW=10 GHz, the difference

is 3 bit/s/Hz.
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Fig. 4: Influence of the bandwidth BW = [1, 10]GHz.

The center frequency fc = 60GHz.
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Fig. 5: The time evolution of the singular values of

selected data set (4×4, site I, ζ). The x-axis is scaled

to the distance and is easy remapped to the delay via

τ = c/dist., c = 3× 108 m/s.

D. Time domain mutual information determination

Unlike the traditional application of the singular value

decomposition (SVD), which is performed in the fre-

quency domain, we define the channel singular values

in the delay domain as:

SVD(H(τ)) → λλλ(τ), (9)

where

λλλ(τ) = [λ1,1(τ), λ2,2(τ), ..., λN,N (τ)]. (10)

Now, given the circumstances of the measurements, the

LOS components are obtained as

λLOS ji = max
τ

λji(τ). (11)

The delay domain evolution of λji(τ) is visible in Figure

5 highlighting the LOS components.

Now, utilizing all measured datasets, which amounts

in total 11 measurements, we show that the MI is related

to the mean singular values of the LOS component, i.e.

I ′′γ ∝ E{λLOS ji} =
1

N

∑
ji

λLOS ji. (12)

Intuitively, this can be explained by the fact that the

main singular value contains most of the energy and thus

reflects well the channel behavior in terms of MI.

In Figure 6a we plot the measured Iγ = f(H(f), γ)
for γ = 20 dB and its exponential fit

I ′′Dγ = a(γ) exp{b(γ)E{λLOS}} (13)

obtained via a maximum likelihood estimation (MLE).

The parameters a(γ), b(γ) of fit (13) are plotted in Figure

6b. The superscript D designates the calculation from the

delay domain.
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Fig. 6: (a) Dependency of the Iγ , the measured mean

singular value of the LOS component E{λLOS} and its

exponential fit

(b) Two parameters of the exponential mapping func-

tion (13).

IV. VALIDATION

To validate the proposed mapping (13), we define an

error magnitude

ε = |Iγ − I ′′γ | and εD = |Iγ − I ′′Dγ |, (14)

where Iγ = f(H(f), γ) and I ′′γ = f(H′′(f, r), γ) are

evaluated via (8) utilizing the frequency domain data. To

evaluate the the mutual information from the temporal

domain data, I ′′Dγ is determined by (13).

The cumulative distribution functions (CDFs) of ε and

εD are depicted in Figure 7. It is visible, that for the

threshold r = 3 dB and r = 5 dB, the precision of the

MI evaluation is notably lower compared to the proposed

mapping (13). To obtain approximately equal precision,

we set r = 1.4 dB. This, however, represents several

hundreds of h̃ji(f) coefficients.

V. CONCLUSION

We conclude that:

1) The MI of the measured channels with optimal

antenna element separation is close (with 8.9% differ-

ence) to the MI of the identity matrix (i.e. the capacity

of an ideally decoupled MIMO channel). Thus, for

intended application, proper ULA design is of paramount

importance.

2) The higher the bandwidth, the lower the MI due to

orthogonality disturbance caused by increasing subopti-

mality antenna element separation.

3) The MI can be estimated from the mean singular

value of the LOS component with good precision. In

fact, when the MI is calculated as the sum of its

individual contributions from the number of frequency
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posed technique and three traditional techniques based

on the frequency flat subbands with the threshold r ∈
{1.4, 3, 5} dB.

flat subbands, the channel gain variation inside of each

subband has to be as low as 1.4 dB, in order to obtain

approximately the same MI accuracy as through the

proposed method.
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