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Abstract—Rural-macro (RMa) is an important scenario for
fifth generation (5G) deployment, and there is a strong diffraction
in RMa making it difficult to distinguish between line-of-sight
(LoS) and non-line-of-sight (NLoS) case. Since the environmental
condition is closely related to the dynamic range of channel
impulse response (CIR), this paper studies the dynamic range
impact on characteristics of three dimensional (3D) multiple-
input multiple-output (MIMO) channels based on 3.5 GHz mea-
surement campaign in RMa. The space-alternating generalized
expectation-maximization (SAGE) algorithm is employed to es-
timate multipath component parameters. The channel statistical
characteristics, channel capacity and eigenvalues of CIR matrix
are calculated for different CIR dynamic ranges. The results show
that the delay spread, the angle spread, the channel capacity and
the sub-channel correlation are linearly related to the dynamic
range of CIR. Thus, the results give a new perspective to study
channel characteristics based on CIR dynamic range in RMa
scenario.

Index Terms— Channel measurement; Channel characteristics;
Channel capacity; Dynamic range of CIR.

I. INTRODUCTION

With the increase of mobile devices and the rapid devel-

opment of the Internet, the mobile traffic has evolved fast in

recent years. Multiple-input multiple-output (MIMO) is now

widely used to improve spectral efficiency utilizing spatial

multiplexing and spatial diversity. In order to achieve high

propagation efficiency and signal accuracy, both horizontal and

vertical dimensions of channel need to be considered. As the

popular two dimensional (2D) models do not contain verti-

cal dimension [1][2], the 3rd Generation Partnership Project

(3GPP) has proposed several 3D channel models in recent

years such as TR 38.900 [3–5]. Moreover, the International

Telecommunication Union (ITU) has defined International Mo-

bile Telecommunications (IMT)-2020 for 5G which explores

channel model with wider frequency band, more modeling

components and various new technologies such as massive

MIMO and Polar code [6][7].

Because of the diversity of mobile communication scenario

and the communication demand of rural area, rural-macro

(RMa) has attracted more and more attention nowadays. A

path loss (PL) measurement in rural area was performed in [8],

which shows the variation trend of PL and shadow fading (SF)

at different distances. An autocorrelation model for SF in RMa

was proposed in [9], and [10] studied the carrier frequency

effect on PL and SF. There are only few antennas used in above

measurement campaigns and the antenna array is uniform

linear array (ULA), so the 3D MIMO channel measurement

and further analysis in RMa are still to be studied.

Unlike other scenarios, RMa is large and flat so that there is

a strong diffraction in RMa, making it difficult to distinguish

between line-of-sight (LoS) and non-line-of-sight (NLoS) case.

Since the dynamic range of channel impulse response (CIR) is

closely related to the environment, its dynamic range can well

reflect the channel conditions. Therefore, the relations between

channel characteristics and dynamic range of CIR are worth

studying.

In this paper, we analyze the results of 3D MIMO chan-

nel measurement in RMa scenario at 3.5 GHz. The space-

alternating generalized expectation-maximization (SAGE) al-

gorithm is used to estimate multipath component parameters.

The relations between channel statistical characteristics and

dynamic range of CIR are presented. Moreover, channel ca-

pacity and eigenvalues of CIR matrix are obtained based on

different dynamic ranges.

The contributions of this paper are summarized as follows:

1) We conducted a 3D MIMO channel measurement cam-

paign for the 3.5 GHz RMa scenario.

2) The relations between channel statistical characteristics

and dynamic range are presented in this paper.

3) The channel capacity and eigenvalues of CIR are dis-

played based on different dynamic ranges.

The reminder of this paper is organized as follows: The

details of measurement campaign are introduced in Section II.

Section III elaborates the data processing method. Section IV

presents the results of channel characteristics based on dynam-

ic range. Section V concludes this paper.

II. MEASUREMENT CAMPAIN

A. Measurement System

The channel measurement campaign is carried out in a rural

area near Beijing with a carrier frequency of 3.5 GHz and

a signal bandwidth of 100 MHz. The Elektrobit Prosound



TABLE I
THE SPECIFICATIONS OF MEASUREMENT

Parameters Settings
Center frequency 3.5 GHz

Bandwidth 100 MHz

Tx power 32 dBm

PN sequence length 511

Antenna type ODA (Rx) UPA (Tx)

Number of antenna 56 (Rx) 32 (Tx)

Coverage (azimuth) −180◦ ∼ 180◦ −70◦ ∼ 70◦

Coverage (elevation) −70◦ ∼ 90◦ −70◦ ∼ 70◦

Polarized ±45◦

(a) UPA (b) ODA

Fig. 1. Measurement antenna arrays

Channel Sounder is used for measurement which is described

in more details in [11]. As shown in Fig. 1, the transmitter

side (Tx) employs a dual-polarized uniform patch array (UPA)

with 32 elements, while the receiver side (Rx) uses a dual-

polarized onmi-directional array (ODA) with 56 elements. The

antenna array of UPA and ODA are respectively rectangular

and cylindrical, so they have a sensitive resolution in both

horizontal and vertical dimensions. All antennas have been

calibrated in an anechoic chamber. Time multiplexed switching

is used to measure the sub-channels within correlation time.

The specific information of the measurement is presented in

Table I.

B. Measurement Scenario

The channel measurement campaign is carried out in a rural

area near Beijing which is shown in Fig. 2. The blue lines in

Fig. 2 represent the measurement routes of receiver side, and

some of the routes are LoS while the others are NLoS. The

receiver was placed on a trolley of 1.8 m height and the trolley

was moved at the speed about 3 km/h. The transmitter side was

installed on top of a 4-floor office building, and the antenna

was about 15 meters from the ground. The measurement area

is almost farmland with few small rooms or houses, so it

has many similar characteristics compared to the typical RMa

scenario.

Fig. 2. Measurement scenario

III. DATA PROCESSING

A. Channel Impulse Response

The CIR is calculated from the received signal by elimi-

nating the effect of system responses. Assumed the MIMO

channel has S transmit antennas and U receive antennas, the

CIR H(t, τ) can be expressed by

H(t, τ) =
L∑

l=1

H l(t, τ) =
L∑

l=1

H l(t) · δ(τ − τl), (1)

where H(t, τ) is a S × U complex matrix, t denotes the

measured time, L denotes ray number, τl is the propagation

delay of lth ray and δ(τ) denotes the Dirac delta function of

delay τ [12].

B. Dynamic range of CIR

According to CIR, the power delay profile (PDP) of the

channel is expressed by

P (t, τ) = 10 log10(||H(t, τ)||2F ), (2)

where P (t, τ), || · ||2F respectively denote power and Frobenius

norm. So the dynamic range of the CIR is calculated by

D(t) = max
τ

(P (t, τ)− Pn), (3)

where D(t) denotes the dynamic range of the CIR and Pn is

the noise power.

Since the dynamic range of CIR manifests the maximum

fluctuation range of the signal power above the noise, it can

well reflect the channel conditions. To minimize measurement

errors, we keep the signal-to-noise ratio (SNR) of received

signal over 15 dB in the measurement.

C. SAGE Algorithm

The SAGE algorithm is employed to estimate multipath

components of CIR include departure azimuth ϕd, departure

elevation θd, arrival azimuth ϕa, arrival elevation θd, delay τ ,



Doppler shift υ and polarization matrix α of the path. Applying

the maximal likelihood estimation (MLE) in iterations, SAGE

algorithm estimates one of the parameters while the others

are constant. The iteration ends when the estimated result is

convergent or the number of iterations exceeds the set value

of 100. Each of the four snapshots is combined into the SAGE

to obtain a set of channel parameters with 120 paths.

D. Delay Spread

The root mean square (RMS) delay spread (DS) is calculated

by

τrms =

√√√√
∑N

n=1(τl − τmean)2pl∑N
n=1 pl

, (4)

where τrms denotes the DS, τl is the delay of path l, pl is the

power of path l and the τmean is given by

τmean =

∑N
n=1 τlpl∑N
n=1 pl

. (5)

E. Angle Spread

The RMS angle spread (AS), including ASD, ASA, ESD

and ESA, are calculated by

σRMS = min
�

√√√√
∑L

l=1(ϕl(�)− ϕmean(�))2pl∑L
l=1 pl

, (6)

ϕmean(�) =

∑L
l=1 ϕl(�)pl∑L

l=1 pl
, (7)

where the σRMS denotes AS, ϕl(�) means a shifted angle of

lth path to get the minimal AS.

F. Channel Capacity and Eigenvalue of CIR

The channel capacity is an important feature which means

the maximum rate of information transmission. In order to

obtain MIMO channel capacity, the CIR H(t, f) is converted

to frequency domain by fast Fourier transformation (FFT).

Then the capacity can be calculated by [13][14]

C =
1

F

F∑
f=1

log2(det(IF +
ρ

αS
H(t, f)HH(t, f))), (8)

where F is the effective subcarrier number of FFT, IF

denotes a unit diagonal matrix, ρ denotes the SNR and α is

a normalization factor to eliminate the effect of PL which is

given by

α = E(
||H(t; f)||2F

US
). (9)

Moreover, the eigenvalues of CIR is obtained by

λ = diag(
1

F

F∑
f=1

Λf ), (10)

where the Λf is the singular value decomposition (SVD) of

H(t, f) [12].

IV. MEASUREMENTS RESULTS

In order to obtain comprehensive results, we group the

measurement spots by dynamic range, and the statistical results

of the group are obtained by Gaussian distribution fitting.

Furthermore, the channel characteristics of all measurement

spots are displayed based on different dynamic ranges, from

which the relations between channel characteristics and dy-

namic range are obtained.

A. Delay Spread

The RMS DS is computed by equation (4) and (5) in

Sec III-D, and the results are presented in Fig. 3 and Table

II. As shown in the results, DS has a large dynamic range

dependency, and the large dynamic range leads to small DS.

The reason is that the spots surrounded with more scatterers or

farther away from Tx receive richer but weaker multipath. So

the spots with lower dynamic range have more complex prop-

agation environment, indicating that the multipath distribution

is more dispersed, thus leading to larger DS. Since DS has an

approximate linear relationship with the dynamic range, the

linear fit curve of DS obtained by the least square method is

expressed by

τRMS = −0.041D − 5.157. (11)

where τRMS and D respectively denote DS and dynamic range

of CIR.

TABLE II
THE STATISTICAL RESULTS OF DELAY SPREAD

Dynamic
range(dB)

μDS

(log10(s))
σDS

(log10(s))
μDS (ns)

10 ∼ 20 -5.8604 0.110 1424

20 ∼ 30 -6.1815 0.132 692

30 ∼ 40 -6.5539 0.105 285
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Fig. 3. Results of DS based on dynamic range of CIR



TABLE III
THE STATISTICAL RESULTS OF ANGLE SPREAD

Dynamic
range(dB)

μASD

(degree)
μASA

(degree)
μESD

(degree)
μESA

(degree)
10 ∼ 20 7.361 45.98 7.122 21.96

20 ∼ 30 7.590 42.65 7.915 19.43

30 ∼ 40 8.428 37.54 9.031 16.43
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Fig. 4. Results of AS based on dynamic range of CIR

B. Angle Spread

The RMS AS including ASD, ASA, ESD and ESA is

calculated by equation (6), (7) in Sec III-E, and the results

are shown in Table III and Fig. 4. The results show that

ASA and ESA are negatively correlated with the dynamic

range, while ASD and ESD are positively correlated with the

dynamic range. For one reason, smaller dynamic range spots

receive weaker signals from Tx, so the multipath transmission

direction of Tx is limited leading to smaller ASD and ESD. For

another reason, the smaller dynamic range spots is surrounded

with more scatterers or farther away from Tx, which means

that Rx receive a richer multipath, resulting in larger ASA and

ESA. Besides, the ASA slope is greater than ESA, indicating

that the horizontal dimension of the propagation path is more

affected. The linear fitting curves of the AS obtained by the

least squares method are expressed as

σASD = 0.061D + 6.435, (12)

σASA = −0.481D + 54.76, (13)

σESD = 0.092D + 5.879, (14)

σESA = −0.254D + 25.76, (15)

where the σASD, σASA, σESD, σESA and D respectively

denote ASD, ASA, ESD, ESA and dynamic range.

C. Channel Capacity

The channel capacity is calculated by equation (8) and (9)

in Sec III-F including all of the antenna elements. Moreover,

the CIR matrix is pre-normalized to eliminate the effect of

path loss.

Similarly, the spots are grouped by dynamic range to obtain

capacity in a wide range of SNR, and the results are shown

in Fig. 5. The group capacity is obtained by

CDi
=

∑
Di

Ctp(t)∑
Di

p(t)
, (16)

where Di means the different group of dynamic range, Ct

denotes the capacity of the spot and p(t) denotes the received

signal power of the spot.

The results in Fig. 5 show that the spots group with

larger dynamic range has a lower channel capacity at almost
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Fig. 5. Channel capacity based on SNR
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Fig. 6. Channel capacity based on dynamic range of CIR
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Fig. 7. Eigenvalues results based on dynamic range of CIR

all SNRs. Furthermore, the channel capacities of all spots

are displayed at several SNRs to further obtain the detail

dependence of capacity on dynamic range, and the results

are shown in Fig. 6. The results show that the capacity and

dynamic range have an approximate linear relation at the same

SNR, and the channel capacity of low dynamic range spots

grows faster with the SNR.

D. Eigenvalue of CIR

In order to explore the relation between the dynamic range

and the sub-channel correlation, the eigenvalues of CIR is

calculated by equation (10) in Sec III-F. The results in Fig. 7

show the three largest eigenvalues of CIR based on dynamic

range. According to the results, the eigenvalues distribution

of low dynamic range spots is balanced which means the

correlation of sub-channels is weak, and the distribution of

high dynamic range spots is concentrated indicating that the

sub-channels have a strong correlation. The reason is that

the low dynamic range spots with more scatter or farther

transmission distance have various propagation paths, resulting

in uncorrelated sub-channels.

V. CONCLUSION

In this paper, we study RMa channel characteristics by the

measurement campaign carried out at the center frequency

of 3.5 GHz. The SAGE algorithm is used to estimate the

multipath component parameters. The results of DS, AS, chan-

nel capacity and eigenvalues distribution based on different

dynamic ranges are presented. The results show that DS,

ASA, ESA and channel capacity are negatively correlated

with the dynamic range, while ASD and ESD are positively

correlated with the dynamic range. Furthermore, the sub-

channels of spots with larger dynamic range have a stronger

correlation. It can be concluded that the channel characteristics

are highly dependent on the CIR dynamic range in RMa

scenario. Thus, the results give a new perspective to study

channel characteristics based on CIR dynamic range in RMa

scenario. Furthermore, this paper gives an important reference

for the 5G RMa deployment, and it also provides a proposal

for channel modeling taking advantage of the CIR dynamic

range.
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