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Statistical Modeling and Simulation of Short-Range
Device-to-Device Communication Channels at

sub-THz Frequencies
Seunghwan KimStudent Member, IEEE,and Alenka ZajićSenior Member, IEEE,

Abstract—A two-dimensional (2-D) geometrical propagation
model for short-range device-to-device desktop communication
channels at sub-terahertz (sub-THz) frequencies is proposed.
Based on the geometrical model, a parametric reference model
for short-range sub-THz multipath fading channels is devel-
oped. From the reference model, the corresponding frequency
correlation function (FCF) and power delay pro�le (PDP) are
derived and compared with measured data. The results show
good agreement between the measured and theoretical PDP's.
Finally, a new sum-of-sinusoids based simulation model for
wideband sub-THz channels is proposed. The statistics of the
reference model are veri�ed by simulation. The results showthat
the simulation model is a good approximation of the reference
model.

Index Terms—sub-THz channels, short-range, desktop chan-
nels, statistical characterization, channel modeling, channel
sounding.

I. I NTRODUCTION

W IRELESS traf�c volume is expected to expand tremen-
dously in the next few years and wireless data rates

exceeding 10 Gbit/s will be required in the near future [1].
The opening up of carrier frequencies in the terahertz-range
(THz) is the most promising approach to provide suf�cient
bandwidth required for ultra-fast and ultra-broadband data
transmissions [2]. A suitable frequency windows can be found
around110� 170 GHz(D-band), and around300� 350 GHz.
The large bandwidths paired with higher speed wireless links
can open the door to a large number of novel applications
such as ultra-high-speed pico-cell cellular links, wireless short-
range communications, secure wireless communication for
military and defense applications, and on-body communication
for health monitoring systems. This paper focuses on short-
range communication between devices on a desktop or chip-
to-chip communication (IEEE P802.15.3d).

To successfully design short-range device-to-device sub-
THz communication systems, it is necessary to have a detailed
knowledge of the multipath fading channel and its statistical
properties. To understand the propagation in indoor environ-
ments, measurements at300� 310 GHz [3], [4] have been
reported for two indoor scenarios: 1) a free-space link of
devices on a desktop and 2) a free-space connection of a
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laptop to an access point in the middle of an of�ce. Recently,
THz measurements and statistical characterization of300 GHz
channel with a bandwidth of20 GHz have been reported in
[5], [6] for a free-space link of devices on a desktop, the
�rst indoor measurements of110� 170 GHz channel have
been reported in [7], and �rst chip-to-chip measurements of
300� 320 GHz channel have been reported in [8].

The �rst ray-tracing and path-loss models for THz com-
munications have been reported in [9]-[17]. Furthermore, the
�rst statistical model for THz channels has been reported
in [18]. The proposed model adapts the frequency-dependent
path gains model [19] and the indoor Saleh-Valenzuela model
[20] for THz frequencies by running large number of ray-
tracing models to extract statistical parameters needed for the
model. While this approach signi�cantly simpli�es channel
simulations, it does not provide an easy insight into statistics
such as a correlation function (i.e. function that characterizes
how fast a wireless channel changes with time, movement,
or in frequency) and/or a power delay pro�le (i.e. function
that characterizes multipath propagation). These statistics en-
able the system designer to make informed decisions when
choosing modulation, interleaving, and coding schemes at the
transmitting end and the type of channel estimator and decoder
at the receiving end.

To address this problem, we have proposed the geometry-
based statistical channel model for short-range device-to-
device sub-THz scatter channels [21]. In the proposed model,
we consider point-to-point communication link between two
stationary directional antennas. Directional antennas are nec-
essary forsub � THz indoor communications due to high
path loss at these frequencies [3], [6], [18]. The high antenna
directivity gives rise to a scattering pattern that is somewhat
different from other indoor (GHz or mm � wave) channels
observed in [22]-[30]. In addition to scattering mechanisms
that are common to all indoor channels, in sub-THz channels,
signals may re�ect off the objects that are behind the receive
(Rx ) antenna, travel back to the objects near the transmit (T x )
antenna and re�ect back to be received by theRx antenna. This
essentially produces the second arriving path, even without any
scatterers between theT x andRx . This phenomenon has been
observed in two independent measurement campaigns [3],
[6] and while these re�ections can be suppressed in channel
sounding experiments by putting absorbers around theT x and
Rx , in practice, channel models and communication systems
need to account for them.

In this paper, we �rst review our geometrical model for
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short-range device-to-device wideband sub-THz channels that
accounts for line-of-sight (LoS), single-re�ection (SR) rays,
and double-re�ection (DR) rays [21]. To describe our 2-D
reference model, we �rst introduce a 2-D “concentric-sectors”
geometrical model for widebandTHz channels that consists of
concentric sectors �lled with scatterers around theT x andRx .
Note that although this model might be perceived as similar to
our previous channel models for vehicle-to-vehicle channels
[31], [32], the geometry of sectors is signi�cantly different
from the geometry of cylinders or circles and leads to different
model description. While sectors can be expanded to circles,
there are no mechanisms proposed in [31], [32] that allow
circles/cylinders to collapse into sectors. This model is chosen
to include antenna directionality into the model, one of the
key features in THz channels. However, note that by selecting
model parameters adequately, sectors can be expended into
circles, which allows for omnidirectional antenna pattern.
From the geometrical model, we derive new parametric refer-
ence model that employs the concentric-sectors geometry and
constructs the input delay-spread function as a superposition
of LoS, SR, and DR rays. From the new reference model, we
derive the corresponding frequency correlation function (FCF)
and power delay pro�le (PDP) for a 2-D isotropic scattering
environment. Furthermore, we compare the theoretical PDP's
with the measured ones from [6], [7], and [8]. The results
show good agreement between the measured and simulated
PDP's. Furthermore, we propose a sum-of-sinusoids based
(SoS) simulation model to overcome the assumption of the
reference model that there is an in�nite number of scatterers at
theT x and theRx . The statistical properties of our simulation
model are veri�ed by comparison with the corresponding
statistical properties of the reference model. The resultsshow
that the simulation model is a good approximation of the
reference model.

The remainder of this paper is organized as follows:
Section II introduces the 2-D geometrical concentric-sectors
model and presents the parametric reference model that em-
ploys the geometry to develop the time-invariant transfer func-
tion for short-rangeTHz multipath fading channels. Section III
derives the FCF and the PDP for a 2-D isotropic scattering
environment and provides comparison between the measured
and theoretical PDP's. Section IV details the statistical SoS
simulation model. Finally, few concluding remarks are given
in Section V.

II. A R EFERENCEMODEL FORDEVICE-TO-DEVICE

WIDEBAND SUB-THZ CHANNELS

The formulation of reference model for short-range
sub� THz device-to-device communication link between the
stationaryT x andRx is explained in detail in this section. Both
the T x andRx are equipped with directional antennas, which
is a requirement for sub-THz channels to compensate for the
high path loss. The radio propagation in indoor environments
is characterized by 2-D wide sense stationary uncorrelated
scattering (WSSUS) with either LoS or NLoS conditions
between theT x andRx .

Figure 1 shows the concentric-sectors model with LoS, SR,
and DR rays. Concentric-sectors are chosen to include antenna

directionality and wideband channel characteristics intothe
model. In Fig. 1,AT andAR denote the locations of theT x

andRx antennas and their separation distance is denoted byD.
The scatterers are located along the arcs of the sectors centered
at eitherAT or AR , with the radiusRt andRr , respectively.
The lower-bound of theRt , Rt 1 is set in the far-�eld region
of theT x antenna, and the upper-bound,Rt 2 is set behind the
Rx . Similarly, the lower-bound of theRr , Rr 1 is set in the
far-�eld region of theRx antenna, and the upper-bound,Rr 2 is
set behind theT x . It is assumed thatM �xed omnidirectional
scatterers occupy an area between the sectors of radiiRt 1

and Rt 2. TheseM omni-directional scatterers lie onL arcs
of radii Rt 1 � R( l )

t � Rt 2, where1 � l � L . To account
for clustering effect, thel th arc containsM ( l ) �xed omni-
directional scatterers, and the(l; m)th scatterer is denoted by
S( l;m ) , where1 � m � M ( l ) . Similarly, Q scatterers lie on
P arcs of radiiRr 1 � R(p)

r � Rr 2, where1 � p � P. The
pth arc containsQ(p) �xed omni-directional scatterers and the
(p; q)th scatterer is denoted byS(p;q) , where1 � q � Q(p) .
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Fig. 1. The concentric-sectors model with LoS , SR, and DR rays for a
short-range wideband sub-THz device-to-device channel.

In Fig. 1, the angles� T and� R denote the half-beamwidths
of the T x and Rx antennas, respectively, relative to thex-
axis. The propagation path lengths� ( l;m )

T , � ( l;m )
R , � ( l;m;p;q )

S , and
� (p;q)

R correspond to the distancesAT � S( l;m ) , S( l;m ) � AR ,
S( l;m ) � S(p;q) S(p;q) � AR , respectively, as shown in Fig. 1.
Finally, the symbol� ( l;m )

T represents the angle of departure
(AoD) of the ray that impinges on the scattererS( l;m ) , while
� ( l;m )

R denotes the angle of arrival (AoA) of the ray that
re�ects off S( l;m ) . On the other hand, the AoA of the ray
that arrives after bouncing offS( l;m ) andS(p;q) , i.e., double-
re�ected ray, is denoted by� (p;q)

R . All the parameters used in
the geometrical model are summarized in Table I.

It is observed from the 2-D geometrical model in Fig. 1
that there exist three ray components in the channel: ray
that traverses directly from theT x to the Rx antenna (LoS
component), ray that impinges upon the scatterersS( l;m ) in
the Rx sector area before arriving at theRx antenna (Single-
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TABLE I
DEFINITION OF THE PARAMETERS USED IN THECONCENTRIC-SECTORS

GEOMETRICAL MODEL.

D Distance between the centers of Tx and Rx sectors

�4�ç
(�ß) Radius of the lth sector with its center at Tx.

�4�å
(�ã) Radius of the pth sector with its center at Rx.

�à�Í , �à�Ë
Half-beamwidths of the Tx and Rx antennas in the x-y plane 
(relative to x-axis), respectively.

�4�ç�5, �4�ç�6 minimum and maximum radii of the sectors with centers at Tx

�4�å�5, �4�å�6 minimum and maximum radii of the sectors with centers at Rx

�Ù�Í
(�ß,�à ) , �Ù�Í

( �ã,�ä) Azimuth angels of departure (AAoD) of the waves that impinge 
on the scatterers �5(�ß,�à )and �5(�ã,�ä) , respectively.

�Ù�Ë
(�ß,�à ) , �Ù�Ë

(�ã,�ä) Azimuth angels of arrival (AAoA) of the waves scattered from 
the scatterers �5(�ß,�à ) and �5(�ã,�ä) , respectively.

�Ý�Í
( �ß,�à ) Distance �@
k�#�Í , �5(�ß,�à ) 
o

�Ý�Ë
(�ß,�à ) Distance �@
k�5(�ß,�à ) , �#�Ë
o

�Ý�Ë
(�ã,�ä) Distance �@
k�5(�ã,�ä) , �#�Ë
o

�Ý�Ì
( �ß,�à ,�ã,�ä) Distance �@
k�5(�ß,�à ) , �5(�ã,�ä) 
o

Re�ected component), and/or ray that re�ects off the scatterers
S( l;m ) in the Rx sector area and, subsequently, scatters from
the scatterersS(p;q) in theT x sector area before arriving at the
Rx antenna (Double-Re�ected component). Hence, the time-
invariant input delay-spread function of the linkAT - AR can
be written as a superposition of the LoS, SR, and DR rays,
viz.

h(t; � ) = hSR (t; � ) + hDR (t; � ) + hLoS (t; � ): (1)

Note that the channel considered in this paper is stationary,
and therefore,t in (1) will be omitted in further equations.

The single-re�ected component of the input delay-spread
function is

hSR (� ) =
r

� SR

K + 1
lim

M !1

1
p

M
LX

l =1

M ( l )
X

m =1

A l;m ej� l;m � (� � � l;m ); (2)

where A l;m , � l;m , and � l;m are the amplitude, the phase,
and the time delay of the multipath components and they are
de�ned as in [21]. ParameterK is the Rice factor (ratio of
LoS to scatter received power).

The double-bounced component of the input delay-spread
function is de�ned as

hDR (� ) =
r

� DR

K + 1
lim

M;Q !1

1
p

MQ

L;M ( l )
X

l;m =1

P;Q ( p )
X

p;q=1

A l;m;p;q e� l;m;p;q � (� � � l;m;p;q ); (3)

whereA l;m;p;q , � l;m;p;q , and � l;m;p;q are the amplitude, the
phase, and the time delay of the multipath components and
they are de�ned as in [21]. The parameters,� SR and � DR

in (2) and (3), quantify the relative powers allocated to the
Single- and Double-Re�ected rays, respectively, such thattheir
sum equals 1 (i.e.,� SR + � DR = 1 ). It is assumed that the
angles of departure,� ( l;m )

T , the angles of arrival,� (p;q)
R , and

the radii, R( l )
t and R(p)

r , are independent random variables.
Furthermore, it is assumed that the phases,� l;m , � p;q , and
� l;m;p;q , are uniform random variables on the interval[� �; � )
and are independent from the angles of departure, the angles

of arrival, and the radii of the sectors. Note that, for double-
re�ected rays, the AoA's,� (p;q)

R , are independent from the
AoD's, � ( l;m )

T [33], while single-re�ected rays have AoA's,
� ( l;m )

R , that are dependent on the AoD's,� ( l;m )
T , and vice

versa.
The LoS component of the input delay-spread function is

hLoS (� ) =

r
K

K + 1
ALoS ej� LoS � (� � � LoS ); (4)

where the LoS amplitude,ALoS , and the LoS time delay,� LoS ,
are de�ned as in [21].

Finally, we observe that the distances� ( l;m )
T , � ( l;m )

R ,
� ( l;m;p;q )

S , and � (p;q)
R can be expressed as functions of the

random variables� ( l;m )
T , � (p;q)

R , R( l )
t , andR(p)

r as follows:

� ( l;m )
T = R( l )

t (5)

� ( l;m )
R =

R( l )
t cos� ( l;m )

T � D

cos
�
tan� 1

�
� R ( l )

t sin � ( l;m )
T

D � R ( l )
t cos � ( l;m )

T

�
+ �

� (6)

� ( l;m;p;q )
S =

" �
�
�R( l )

t sin � ( l;m )
T � R(p)

r sin� (p;q)
R

�
�
�
2

+
�
�
�R( l )

t cos� ( l;m )
T � R(p)

r cos� (p;q)
R � D

�
�
�
2

#1=2

(7)

� (p;q)
R = R(p)

r : (8)

The derivations of (6) and (7) are presented in Appendix A.
Since the locations of scatterers within an antenna radiation

sector are equally probable, we assume uniformly distributed
scattering in the concentric-sectors model and to characterize
it we use the joint probability density function (pdf)

f (R; � ) =
2R

(� 2 � � 1)(R2
2 � R2

1)
: (9)

The radii, R( l )
t and R(p)

r , are uniformly distributed between
Rt 1 and Rt 2, and Rr 1 and Rr 2, respectively. Similarly, the
AoDs, � ( l;m )

T , and the AoAs,� (p;q)
R , are uniformly distributed

between (2� � � T )–� T and (� � � R )–(� + � R ), respectively.
Such a distribution implies that the scatterers in the horizontal
plane will have a uniform density between the concentric-
sectors, if the scattering is isotropic in the horizontal plane.

To simplify further analysis, we use the time-invariant
transfer function instead of the input delay-spread function
and we normalize the gain patterns of the antenna elements
to unity, although other gain patterns can be accommodated at
this point. The time-invariant transfer function is the Fourier
transform of the input delay-spread function [33] and can be
written as

T(f ) = F � f h(� )g

= T SB (f ) + T DB (f ) + T LoS (f ); (10)

whereT SB (f ) is the SB,T DB (f ) is the DB, andT LoS (f ) is
the LoS component of the time-invariant transfer function.The
expressions forT SB (f ), T DB (f ), and T LoS (f ) are derived
in Appendix B.
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III. F REQUENCY CORRELATION FUNCTION AND POWER

DELAY PROFILE OF THEREFERENCEMODEL

The correlation function is an important statistic in design-
ing communication link that characterizes how fast a wireless
channel changes with time, movement, or in frequency. For
example, if the correlation stays high for a long time, in a
case of strong channel attenuation, multiple symbols will be
similarly affected implying that error correction codes will not
be able to repair damage. These statistics enable the systemde-
signer to make informed decisions when choosing modulation,
interleaving, and coding schemes at the transmitting end and
the type of channel estimator and decoder at the receiving end.
The speci�c correlation function that is of interest in thispaper
is the frequency correlation function (FCF), which measures
the channels frequency selectivity. In other words, FCF is a
useful indicator of dependencies as a function of difference in
frequency (� f ), and they can be used to access the required
frequency difference between sample points for the values to
be effectively uncorrelated.

The normalized frequency auto-correlation function of the
time-invariant transfer function is de�ned as

R(� f ) =
E [T(f )� T(f + � f )]

p
Var[T (f )� ]Var[T (f + � f )]

; (11)

where (�)� denotes complex conjugate operation,E[�] is the
statistical expectation operator, andVar[�] is the statistical
variance operator.

Since T SB (f ), and T DB (f ) are independent zero-mean
complex Gaussian random processes, (11) can be simpli�ed
to

R(� f ) = RSB (� f ) + RDB (� f ) + RLoS (� f ); (12)

where RSB (� f ), RDB (� f ), and RLoS (� f ) denote the
normalized FCF's of the SB, DB, and LoS components,
respectively, and are de�ned as

RSB (� f ) =
E

�
T SB (f )� T SB (f + � f )

�



; (13)

RDB (� f ) =
E

�
T DB (f )� T DB (f + � f )

�



; (14)

RLoS (� f ) =
E

�
T LoS (f )� T LoS (f + � f )

�



; (15)

where
 = D � 
= 2
p

GT GR �= 4� .
Since the number of local scatterers in the reference model

described in Section II is in�nite, the discrete AoDs� ( l;m )
T ,

AoAs � (p;q)
R , and radiiR( l )

t andR(p)
r can be replaced with con-

tinuous random variables� T , � R , Rt , andRr with probability
density functions (pdf)f (� T ), f (� R ), f (Rt ), and f (Rr ),
respectively.

Substituting (42) into (15), theRLoS (� f ) becomes

RLoS (� f ) =
K

K + 1
e� j 2�

c 0
� fD : (16)

Similarly, substituting (40) into (13), and (41) into (14),the
RSB (� f ) and RDB (� f ) can be written as (17) and (18)
(appearing on page 5), respectively. Note that the FCFs for the
SB and DB components of the time-invariant transfer function
must be evaluated numerically because the integrals in (17)

and (18) do not have closed-form solutions. While it is dif�cult
to obtain closed-form solutions, we show in Appendix C
how the RSB (� f ) and theRDB (� f ) expressions can be
approximated by

RSR (� f ) �
2

(� T 2 � � T 1)(R2
t 2 � R2

t 1)
� SR

K + 1

�
Z R t 2

R t 1

Rt e� j 2�
c 0

� f (R t + D )
Z � T 2

� T 1

1

1 + 
 R t
D (1 � cos� T )

� e� j 2�
c 0

� fR t cos � T d� T dRt ; (19)

RDR (� f ) �
2

(� T 2 � � T 1)(R2
t 2 � R2

t 1)

�
2

(� R2 � � R1)(R2
r 2 � R2

r 1)
� DR

K + 1

�
Z R r 2

R r 1

Rr e� j 2�
c 0

� fR r

Z � R 2

� R 1

e� j 2�
c 0

� fR r cos � R

�
Z R t 2

R t 1

Rt e� j 2�
c 0

� fR t

�
Z � T 2

� T 1

ej 2�
c 0

� f (R t cos � T )

1 + 

�

R t
D (1 � cos� T ) + R r

D (1 + cos � R )
�

� d� T dRt d� R dRr ; (20)

respectively.
To validate assumptions used to obtain the approximated

FCFs in (19) and (20), we compare these equations with
the numerically obtained FCFs correlations in (17) and (18).
Figures 2 and 3 compare the exact and approximated frequency
correlation functions for SR and DR components. Two differ-
ent scatterer positions de�ned by the parameters,Rt 1, Rt 2,
Rr 1, Rr 2, and � T (or � R ) have been selected: the scenario,
Rt 1 = Rr 1 = 0 m, Rt 2 = Rr 2 = 0 :11 m, and� T = � R = 45 � ,
is shown in Fig. 2; and the scenarioRt 1 = Rr 1 = 0 :2 m,
Rt 2 = Rr 2 = 0 :3 m, and � T = � R = 30 � is shown in Fig.
3. The T-R separation distance,D , is set to0:3 m for both
scenarios.

The mismatch between exact and approximated frequency
correlation functions observed in Fig. 2 and 3 comes from the
discrepancy between the exact (Eq. (6), (7)) and approximated
(Eq. (43), (44)) expressions for the path lengths, i.e.,� ( l;m )

R

and � ( l;m;p;q )
S (please refer to Appendix C). Speci�cally, for

SR rays, the criterion that can approximate (6) with (43) is

Rt sin � T

D � Rt cos� T
<< 1 (21)

Therefore, the accuracy of the approximation, for SR rays,
depends on the degree to which the condition (21) is true. For
Fig. 2, the maximum value of R t sin � T

D � R t cos � T
is 0:35. While it

is smaller than1, the value is still not small enough to satisfy
(21), which is why there exists mismatch between the exact
and approximated correlation functions in Fig. 2. On the other
hand, in the case of Fig. 3, the maximum value ofR t sin � T

D � R t cos � T

is 3:7321, which does not satisfy the condition at all. As
a result, we can observe that the approximated correlation
function for SR component has completely different shape
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RSB (� f ) = E

2

6
6
6
4

� SR

K + 1
D 
 e� j 2� � f � SR

�
Rt + R t cos � T � D

cos
h
tan � 1

�
� R t sin � T

D � R t cos � T

�
+ �

i

� 


3

7
7
7
5

=
� SR

K + 1

Z R t 2

R t 1

Z � T 2

� T 1

D 


�
Rt + R t cos � T � D

cos
h
tan � 1

�
� R t sin � T

D � R t cos � T

�
+ �

i

� 
 e� j 2� � f � SR f (Rt )f (� T ) d� T dRt

=
2D 


(� T 2 � � T 1)(R2
t 2 � R2

t 1)
� SR

K + 1

Z R t 2

R t 1

Z � T 2

� T 1

Rt�
Rt + R t cos � T � D

cos
h

tan � 1
�

� R t sin � T
D � R t cos � T

�
+ �

i

� 


� e
� j 2�

c 0
� f

0

@R t + R t cos � T � D

cos
�

tan � 1
�

�
R t sin � T

D � R t cos � T

�
+ �

�

1

A

d� T dRt ; (17)

RDB (� f ) =
� DR

K + 1

Z R r 2

R r 1

Z R t 2

R t 1

Z � R 2

� R 1

Z � T 2

� T 1

D 
 e� j 2� � f � DR f (Rt ; � T ; Rr ; � R )
�

Rt + Rr +
q

jRt sin� T � Rr sin � R j2 + jRt cos� T � Rr cos� R � D j2
� 
 d� T d� R dRt dRr

=
4D 


(� T 2 � � T 1)( � R2 � � R1)(R2
t 2 � R2

t 1)(R2
r 2 � R2

r 1)
� DR

K + 1

Z R r 2

R r 1

Z R t 2

R t 1

Z � R 2

� R 1

Z � T 2

� T 1

Rt Rr�
Rt + Rr +

q
jRt sin� T � Rr sin � R j2 + jRt cos� T � Rr cos� R � D j2

� 


� e
� j 2�

c 0
� f

�
R t + R r +

p
jR t sin � T � R r sin � R j 2 + jR t cos � T � R r cos � R � D j 2

�

d� T d� R dRt dRr : (18)

compared to the exact one in Fig. 3. Meanwhile, for DR rays,
the assumption that approximates (7) with (44) is

jR( l )
t sin � ( l;m )

T � R(p)
r sin� (p;q)

R j2 = 0 ; (22)

such that the �rst term of (7), which is the projection of
� ( l;m;p;q )

s onto y-axis, cancels out. In Fig. 2, the geome-
try of the scenario described by the parameters,Rt 1 =
Rr 1 = 0 m; Rt2 = R r2 = 0 :1 m, and � = 45 � , al-
lows for a margin of error since there exists a chance that
jR( l )

t sin � ( l;m )
T � R(p)

r sin � (p;q)
R j2 > 0 due to large beamwidth

(� = 45 � ). This explains the slight mismatch between the exact
and approximated correlation functions for DR component in
Fig. 2. On the other hand, in Fig. 3, where the parameters are
Rt 1 = Rr 1 = 0 :2 m, Rt 2 = Rr 2 = 0 :3 m, and � = 30 � ,
smaller beamwidth forces the y-projections of� ( l;m;p;q )

s closer
to 0. Therefore, the degree to which (22) is true is much
higher in this case, and consequently, much better match
between the exact and approximated correlation functions is
observed for DR component in Fig. 3, compared to that in
Fig. 2. Note that the bene�t of the approximated expressions
for correlation functions is a quick estimate of channel`s
frequency selectivity, and the exact correlation functions can
be numerically obtained if more precise results are needed.
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Fig. 2. The exact and approximated frequency correlation functions for SR
and DR components whenR t 1 = R r 1 = 0 m , R t 2 = R r 2 = 0 :11 m,
� T = � R = 45 � .

The power delay pro�le (PDP) of the proposed model can
be obtained by taking the Inverse Fourier Transform of the
FCF [33], i.e.,

P(� ) = F � 1
� f f R(� f )g: (23)

The signi�cance of PDP is that it gives the intensity of a
received signal as a function of time delay, and is useful in
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Fig. 3. The exact and approximated frequency correlation functions for SR
and DR components whenR t 1 = R r 1 = 0 :2 m, R t 2 = R r 2 = 0 :3 m,
� T = � R = 30 � .

identifying multipaths in the channel. Also, PDPs are used
to extract important parameters, such as RMS delay spread
(and coherence bandwidth of the channel), which is a measure
of time dispersion or frequency selectivity, and tell system
designer how long it has to wait before next symbol can be
sent to avoid inter-symbol interference.

To verify the validity of the proposed model, the theoretical
PDP's are compared to the measured ones. The measurement
data has been collected at two sub-THz frequency ranges, i.e.,
at f c = 300 GHz with 20 GHz of bandwidth [6], [8] and at
D-band (110� 170 GHz) [7]. Speci�cally, measurements at
300 GHzare analyzed for LoS desktop scenarios [6], realistic
desktop environment with objects, such as books, cell phones,
and laptops, and computer motherboard environment with
a RAM module. Also, in D-band, measurements for NLoS
desktop scenario with cylindrical obstruction [7] are usedto
validate the proposed model.

For 300 GHz desktop LoS measurement campaign [6], the
two T-R separation distances,D , of 30 cm and 40 cm have
been considered, and theT x andRx were equipped with horn
antennas with beamwidths of10� , i.e., 2� T = 2 � R = 10 � .
The T x and Rx , as well as any surrounding objects, were
stationary, meaning the channel was quasi-static with no time-
dependence. Although the channel environment was free of
local scatterers, the metallic surfaces of theT x and Rx

test heads, on which the horn antennas are attached, acted
as re�ectors. Consequently, the signal transmitted fromT x

traveled the separation distance,D , got re�ected off theRx

test head, traveled back the distance,D , towardsT x , re�ected
again offT x test head this time, and �nally, arrived atRx after
traversing the distance,D . This implies that, even though no
scatterers were present in the environment, the multiple rays
have been re�ected off metallic transceiver box and created
multiple scattering rays in the channel, introducing double-
re�ected rays in addition to the direct LoS ray. The arrivals
of these double-re�ected paths are apparent in the measured
PDP's shown in Figs. 4(a) and 4(b). The excess delays of
the double-re�ected rays correspond to the rays that traveled
double the separation distance, which is why the peaks in
PDPs shift to the right as the distance increases.
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Fig. 4. The normalized theoretical and measured power delaypro�les for the
300 GHz desktop LoS scenarios: (a) D = 30 cm (b) D = 40 cm.

In the reference model, parameterK is estimated using
method in [34] to be 0.4 for all distances. Since there are no
single re�ections in the channel, setting the parameters� SR

and� DR was straight forward, i.e.� SR = 0 and� DR = 1 . The
parametersRt 1, Rr 1, Rt 2, andRr 2 are estimated using method
in [31] as: Rt 1 = Rr 1 = 32 cm and Rt 2 = Rr 2 = 33 cm
for D = 30 cm (Fig. 4(a)), andRt 1 = Rr 1 = 42 cm and
Rt 2 = Rr 2 = 43 cm for D = 40 cm (Fig. 4(b)), respectively.

Figures 4(a) and 4(b) show that the proposed model captures
well the amplitudes and the excess delays of the LoS and
double-re�ected multipath components for the two distances.
Measurements indicate that the signal power drops to a neg-
ligible level after bouncing off the test head surfaces multiple
times. Hence, it is suf�cient for the reference model to include
only the single and double-re�ected multipath components.
Note that a mismatch between the modeled and measured
PDP's is observed towards larger excess delays because the
measurement has reached its noise �oor, while the model does
not take into account the noise threshold of the receiver.

In addition to LoS desktop scenario, we also compare our
measured and modeled PDPs in a more realistic device-to-
device communication scenario shown in Fig. 5(a), where
different objects, such as a book, a phone, a stack of paper, and
a laptop, are placed on a desk to obstruct the LoS between
the T x and theRx . Figure 5(b) presents the modeled and
measured PDP's for the measurement setup of Fig. 5(a). The T-
R separation,D , is 55 cm, and other parameters are estimated
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Fig. 5. Realistic300 GHz device-to-device desktop scenario with clutter: (a)
Measurement setup and (b) Comparison of measured and modeled PDP's.

using the methods from [34] and [31] as follows:K = 0 :5,
� SR = 0 :3, and � DR = 0 :7, Rt 1 = Rr 1 = 10 cm, and
Rt 2 = Rr 2 = 50 cm. The random variables,Rt , Rr , � T , and
� R , are assumed to be uniformly distributed with the joint pdf
of (9), and it has been proven that this assumption is valid for
the realistic desktop propagation environment with cluttered
scatterers by observing a good match between the theoretical
and measured PDP's in Fig. 5(b).

Another potential THz application is chip-chip communica-
tion, where ultra-wideband channels over short distances are
required. To illustrate validity of our model, we compare our
modeled PDP with the measured one for a NLoS scenario in
computer motherboard environment, where a RAM module
(DIMM) is placed perpendicularly at the midpoint of the
T-R separation distance,23:5 cm, blocking the LoS. The
measurement setup and the PDP's are presented in Fig. 6(a)
and 6(b), respectively. The measured PDP shown in Fig. 6(b)
shows two distinct paths reaching theRx , i.e., at � = 0 ns
� = 0 :93 ns. From the fact that the backside of the DIMM
is metallic, it can be concluded that the �rst arriving path at
� = 0 ns is the path that diffracts off the top edge of the RAM
(i.e. single-re�ected ray). On the other hand, consideringthe
geometry of the setup and the excess delay of0:93 nsof the
second arriving path, it is reasonable to assume that the second
path is the result of two consecutive re�ections off theRx back
panel and the back side of the DIMM (i.e. double-re�ected
rays). The modeled PDP in Fig. 6(b), which accurately predicts
the excess delay and amplitude of the second arriving path, is
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Fig. 6. 300 GHz NLoS scenario in computer motherboard environment
with a RAM module (DIMM) as obstruction: (a) Measurement setup and
(b) Comparison of measured and modeled PDP's.

produced with the following parameters:K = 0 , � SR = 0 :45,
� DR = 0 :55, D = 23:5 cm, Rt 1 = 25:5 cm, Rt 2 = 26:5 cm,
Rr 1 = 11 cm, and Rr 2 = 12 cm. As before, the estimation
of K is based on the method from [34], while that of other
parameters are estimated using the method in [31]. The Rician
factor,K , of 0 agrees with intuition since there is no LoS path
in this scenario, and the estimated contribution factors,� SR ,
� DR , reveal that the DR rays have slightly higher contribution
to the total received power than the SR rays.

Finally, we compare measured and modeled PDPs in a
NLoS scenario, where a cylindrical object, such as a cof-
fee mug, obstructs the line of sight. The measurements are
collected in D-band [7] with a coffee mug obstructing the
LoS between theT x and theRx . The mug is placed at the
midpoint of the T-R separation distance, i.e.,D = 35:56 cm.
The measurement setup is shown in Fig. 7(a). In [7], for this
particular scenario, we have shown that the received power is a
vector sum of LoS, convex-surface-diffracted rays (i.e., single-
re�ected rays), and the double-re�ected rays (i.e., re�ections
inside the mug). For this scenario, the model parameters
are estimated as follows:K = 0 :15, � SR = � DR = 0 :5,
Rt 1 = Rr 1 = 21:5 cm, andRt 2 = Rr 2 = 22:5 cm, using the
methods from [34] and [31], respectively.

IV. SIMULATION MODEL FORSHORT-RANGE WIDEBAND

SUB-THZ CHANNELS

The reference model for short-range wideband sub-THz
channels described in Section II assumes an in�nite number
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Fig. 7. D-band desktop NLoS scenario with cylindrical obstruction: (a)
Measurement setup and (b) Comparison of measured and modeled PDP's.

of scatterers, which prevents practical implementation. It is
desirable to design simulation model with a �nite (preferably
small) number of scatterers, while still matching the statistical
properties of the reference model.

The simulation model proposed in this paper uses the
statistical Sum-of-Sinusoides (SoS) method, which generates
the channel waveform by superimposing a �nite number of
properly selected sinusoids [33], i.e., LoS, Single-Re�ected
(SR), and Double-Re�ected (DR) components. Also, in this
statistical SoS model, the parameter sets, (Rt , Rr ) and (� T ,
� R ), are left as random variables that vary with each simula-
tion trial. Therefore, the statistical properties of the SoS model
vary for each trial, but converge to the desired properties when
averaged over a suf�cient number of simulations.

Using the reference model in (1) with a �nite number of
scatterers and assuming 2-D isotropic scattering, the following
function is considered for the received complex faded envelope

h(� ) =
r

� SR

K + 1
1

p
M

LX

l =1

M ( l )
X

m =1

A l;m ej� l;m � (� � � l;m )

+
r

� DR

K + 1
1

p
MQ

L;M ( l )
X

l;m =1

P;Q ( p )
X

p;q=1

A l;m;p;q e� l;m;p;q � (� � � l;m;p;q )

+

r
K

K + 1
ALoS ej� LoS � (� � � LoS ); (24)

where amplitudes and delays of SB, DB, and LoS components
are de�ned in [7]. It is assumed that the angles of departure

(� ( l;m )
T ) and the angles of arrival (� (p;q)

R ) are uniformly dis-
tributed random variables. They are realized as follows:

� ( l;m )
T =

(m +  T � 1)(� T 2 � � T 1)
M

+ � T 1; (25)

� (p;q)
R =

(q +  R � 1)(� R2 � � R1)
Q

+ � R1; (26)

for l = 1 ; :::; L , m = 1 ; :::; M , p = 1 ; :::; P, andq = 1 ; :::; Q.
Furthermore, it is assumed that the radiiR( l )

t andR(p)
r are uni-

formly distributed independent random variables implemented
as follows:

R( l )
t =

r
(l + � T � 1)(R2

t 2 � R2
t 1)

L
+ R2

t 1; (27)

R(p)
r =

r
(p + � R � 1)(R2

r 2 � R2
r 1)

P
+ R2

r 1; (28)

for l = 1 ; :::; L , m = 1 ; :::; M , p = 1 ; :::; P, andq = 1 ; :::; Q.
Finally, it is assumed that the phases� l;m , � p;q , and� l;m;p;q

are uniform random variables on the interval[� �; � ) that are
independent from the angles of departure, the angles of arrival,
and the radii of the sectors. The parameters,� T , � R ,  T , and
 R , are independent random variables uniformly distributed
on the interval [0,1), such that 2-D isotropic scattering envi-
ronment is ensured.
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Fig. 8. The theoretical and simulated frequency correlation functions for
R t 1 = R r 1 = 0 :16 m, R t 2 = R r 2 = 0 :161 m, � T = � R = 45 � ,
K = 0 :1, � SR = 0 :5, � DR = 0 :5, andL = M = P = Q = 4

Figure 8 shows good agreement between the analytical and
simulated correlation functions for the scenario modeled with
the following parameters:Rt 1 = Rr 1 = 0 :16 m, Rt 2 = Rr 2 =
0:161 m, D = 0 :3 m, � T = � R = 45 � , K = 0 :1, � SR = 0 :5,
and� DR = 0 :5. The number of scatterers wasL = M = P =
Q = 4 and the correlation functions are averaged overNstat =
400 simulation trials. Corresponding PDP's are compared in
Fig. 9. The results show that the theoretical and simulated
FCF's and PDP's have a good match over a wide range of
time delays.

Finally, Fig. 10 presents the theoretical, measured, and
simulated PDP's on the same plot for the realistic300 GHz
desktop scenario shown in Fig. 5(a). For simulation, the same
parameters that have been estimated for the theoretical PDPare
used, and the number of scatterers is set by the parameters,
L = M = P = Q = 6 . All three PDP's are in a good
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��Fig. 10. The measured, modeled, and simulated PDPs for the realistic 300-
GHz desktop scenario shown in Fig. 5(a).

agreement, which con�rms the validity of the reference model
as well as the simulation model.

V. CONCLUSIONS

This paper proposed the two-dimensional (2-D) geomet-
rical propagation model for short-range sub-THz device-to-
device communications. Based on the geometrical model, a
parametric reference model for wideband sub-THz multipath
fading channels is developed. From the reference model, the
corresponding FCF and PDP are derived and compared with
measured data. The results show good agreement between
the measured and theoretical PDP's. Finally, a new sum-
of-sinusoids based simulation model for wideband sub-THz
channels is proposed. The statistics of the reference modelare
veri�ed by simulation. The results show that the simulation
model is a good approximation of the reference model.

APPENDIX A
DERIVATIONS OF THE SINGLE-REFLECTED AND

DOUBLE-REFLECTEDPATH LENGTHS

In this section, we show the derivations for the expressions
in (6) and (7). We start with the derivations for (6). From the
triangle,AT � S( l;m ) � AR , in Fig. 1, we can observe that

� ( l;m )
T cos� ( l;m )

T + � ( l;m )
R cos(� � � ( l;m )

R ) = D; (29)

Hence, the distance� ( l;m )
R can be written as

� ( l;m )
R =

� ( l;m )
T cos� ( l;m )

T � D

cos� ( l;m )
R

: (30)

Now, � ( l;m )
R can also be epxressed in terms of� ( l;m )

T and� ( l;m )
T

using the sine rule:

� ( l;m )
T

sin(� � � ( l;m )
R )

=
D

sin(� ( l;m )
R � � ( l;m )

T )
: (31)

Using (30) and (31),� ( l;m )
R can be written as

� ( l;m )
R =

R( l )
t cos� ( l;m )

T � D

cos
�
tan� 1

�
� R ( l )

t sin � ( l;m )
T

D � R ( l )
t cos � ( l;m )

T

�
+ �

� ; (32)

Now we show the derivations for (7). From Fig. 1, we can
represent the length of� ( l;m;p;q )

S as a sum of the projections
to x- and y-axis, i.e.,� ( l;m;p;q )

S =
p

X 2 + Y 2.
We can �nd X projection by solving the following equa-

tions:

X = D � (Z + W ) (33)

X + Z = � ( l;m )
T cos� ( l;m )

T (34)

X + W = � (p;q)
R cos(� � � (p;q)

R ); (35)

whereZ and W are, respectively, the distancesAT � S(p;q)

and AR � S( l;m ) projected onto the x-axis. Adding (34) and
(35), we get

2X + Z + W = � ( l;m )
T cos� ( l;m )

T � � (p;q)
R cos� (p;q)

R : (36)

Then, substituting (33) into (36), X can be written as:

X =
�
�
� �

( l;m )
T cos� ( l;m )

T � � (p;q)
R cos� (p;q)

R � D
�
�
� : (37)

Using similar reasoning, Y component can be written as:

Y =
�
�
� �

( l;m )
T sin� ( l;m )

T � � (p;q)
R sin � (p;q)

R

�
�
� : (38)

Then, the �nal epxression for� ( l;m;p;q )
S is

� ( l;m;p;q )
S =

" �
�
� � ( l;m )

T sin � ( l;m )
T � � (p;q)

R sin � (p;q)
R

�
�
�
2

+
�
�
�� ( l;m )

T cos� ( l;m )
T � � (p;q)

R cos� (p;q)
R � D

�
�
�
2

#1=2

: (39)
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APPENDIX B
THE SB, DB, AND LOS COMPONENTS OF THE

TIME-INVARIANT TRANSFERFUNCTION

Using (1) - (8), the SB, DB, and LoS components of the
time-invariant transfer function in (10) can be written as

T SB (f ) = lim
M !1

r
� SR

K + 1
1

p
M

LX

l =1

M ( l )
X

m =1

A ( l;m )
SR e� j 2�f � ( l;m )

SR + j� ( l;m )
SR ; (40)

T DB (f ) = lim
M;Q !1

r
� DR

K + 1
1

p
MQ

L;M ( l )
X

l;m =1

P;Q ( p )
X

p;q=1

A ( l;m;p;q )
DR e� j 2�f � ( l;m;p;q )

DR + j� ( l;m;p;q )
DR ; (41)

T LoS (f ) =

r
K

K + 1
ALoS e� j 2�f � LoS + j� LoS ; (42)

respectively, where the amplitudes,A ( l;m )
SR , A ( l;m;p;q )

DR , and
ALoS , and the time delays,� ( l;m )

SR , � ( l;m;p;q )
DR , and � LoS , are

de�ned in [7].

APPENDIX C
THE APPROXIMATED FCF OF THE SB AND DB

COMPONENTS

The expression in (17) can be further simpli�ed by noting
that distance in (6) can be approximated as

� ( l;m )
R � D � R( l )

t cos� ( l;m )
T (43)

under the assumption of Eq. (21). The expression in (43)
is obtained using the trigonometric identitycos(tan� 1 x) =
1=

p
1 + x2. Now applying the approximation(1 + x)n � 1 +

nx for smallx, we obtain the expression for the approximated
FCF of the SB component as in (19).

The expression in (18) can be further simpli�ed by noting
that distance in (7) can be approximated as

� ( l;m;p;q )
S �

�
�
�R

( l )
t cos� ( l;m )

T � R(p)
r cos� (p;q)

R � D
�
�
� : (44)

Without loss of generality, we have assumed thatR( l )
t = R(p)

r

and� (p;q)
R = � � � ( l;m )

T , which leads to the expression for the
approximated FCF of the DB component as in (20).
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