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Demands for very high-speed wireless communication access is rapidly growing with respect to the increasing data rates for
the use of rich multimedia content in various applications of defense, enterprise, industrial, and public domains. To serve
these gigabit fidelity (Gi-Fi) uses for various wireless applications, millimeter wave (MmW) wireless technology with huge
bandwidth in licensed/unlicensed bands is triggering boundless avenues. In this research, the concept of substrate-integrated
waveguide (SIW) and exponentially tapered slot (ETS) antenna are used together design a high-gain, efficient planar
dielectric-loaded antenna for MmW-based Gi-Fi wireless communications using unlicensed 60 GHz band in the MmW
family. The SIW is used to feed the antenna and a dielectric is utilized increasing the gain. The dielectric-loaded ETS
antenna and compact SIW feed are fabricated on a single substrate, resulting in low cost and easy fabrication utilizing
printed circuit board process. The measured gain of single-element antenna is 11.4 dB, with radiation efficiency of 96.84%
at 60 GHz. Then indoor radio wave propagation studies are carried out using elliptically dielectric-loaded ETS antenna
with radio frequency measurement equipment to measure and model propagation channels at 60 GHz. The attained simula-
tions are compared with the experimental results.
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I . I N T R O D U C T I O N

In contemporary world, intensive determinations have been
made worldwide for the application of gigabit fidelity
(Gi-Fi) data rate wireless communication system in the fre-
quency band of 60 GHz. Distinct features of the radio propa-
gation in this frequency band are high penetration loss of
construction materials and severe oxygen absorption, and
broadband spectrum makes it suitable for the deployment of
high data rate short-distance communications [1–4]. A high-
frequency band leads to a small size of radio frequency (RF)
components, including antennas. Recently, the IEEE
802.15.3C was formed to standardize the 60 GHz wireless per-
sonal area network (WPAN) systems, which will allow high
data rate up to 3 Gbps [5]. The 60 GHz technology offers
various recompenses over the present wireless communica-
tion systems. One of the deciding factors that mark the
60 GHz technology gaining significant interest recently is

due to the huge unrestricted bandwidth (up to 7 GHz) avail-
able worldwide. This huge bandwidth represents great poten-
tials in terms of capacity and flexibility that makes 60 GHz
technology mainly attractive for Gi-Fi wireless applications
[6, 7]. However, many challenges have to be overcome
before designing the system, such as cost and complexity
implementation of such systems requires a suitable antenna
solutions and channel model for the characteristics of the
60 GHz radio propagation, which can be used for the RF
front-end. Therefore, this work targets on design and develop-
ment dielectric-loaded exponentially tapered slot (ETS)
antenna using substrate-integrated waveguide (SIW) technol-
ogy particularly at 60 GHz. Further developed antenna is used
to measure indoor propagation characteristics.

This paper is organized as follows: Section 2 deals with
antenna design, simulation, prototype, and measurement
results. Section 3 deals with Channel measurement, character-
ization, and result analysis. Finally, Section 4 gives conclusions.

I I . D I E L E C T R I C - L O A D E D S I W E T S
A N T E N N A D E S I G N

Antennas with excellent design can improve the performance
of wireless communications, particularly at millimeter wave
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(MmW) frequencies. Many types of antenna structures are con-
sidered not suitable for 60 GHz applications due to the require-
ments for low cost, small size, and light weight. In addition,
60 GHz antennas also require to be operated with constant
gain and high efficiency over the broad frequency range [8].
In addition, the traditional waveguide technique cannot be
used to reduce weight and volume [9]. The concept of SIW tech-
nology makes it possible to realize the waveguide in a substrate
and provides a sophisticated way to integrate the waveguide
with MmW planar circuits using the conventional printed
circuit technology. In particular, a number of SIW-based slot
antennas have been reported in recent years [10, 11]. These
antennas consist of single layer of the dielectric substrate and
are fed from one end through a coplanar feed network, which
significantly increases the size of the antenna [12].

The ETS antenna is known as flared notch antenna and
satisfying all the requirements. A major advantage of this
antenna is that wide bandwidth and maximum gain can be
achieved using exponentially tapered profiles with dielectric
loading [13]. This antenna is integrated using a single sub-
strate. To eliminate the higher order modes in the waveguide,
the thickness of the substrate is restricted. The loaded dielec-
tric slab in front of the antenna can be considered as a
dielectric-guiding structure excited by exponential flare
resulting in a wider beamwidth and maximum gain. The
compact MmW antenna with dielectric loading can achieve
a broadband performance and offer several advantages over
other counterparts such as relatively low insertion loss,
better voltage standing wave ratio (VSWR), good design
tolerance, and circuit size compactness [14].

A) Replacing waveguides with equivalent SIW
At MmW frequencies waveguide devices are preferred but
manufacturing process is challenging. Hence, the SIW tech-
nology makes it possible to realize the waveguide in a substrate
and provides a sophisticated way to integrate the waveguide
with MmW planar circuits [15, 16]. In the SIW design, the
following conditions are required:

The metalized via hole diameter is

d , lg/2. (1)

The spacing between the via holes is

P , 2d. (2)

The physical width of SIW is

a = ad + (d2/(0.95p)). (3)

B) Design of the antenna
The ETS antenna radiating tapered profile is described by an
exponential function. The antenna is excited via the micro-
strip line to SIW transition. The transition construction
exploits wideband features of a microstrip radial stub used
as a virtual wideband short. The microstrip is virtually
shunted to the second half of the strip line metallization,
while the first half serves as a ground metallization for the
microstrip line. It is necessary to transform the impedance
of the input feeding microstrip line to the input impedance
of the transition. Therefore, the linear microstrip taper is
used as the input impedance transformer. Instead of using
the wideband balun, a SIW has been employed to feed the
antenna.

To comply with the antenna board dimensions and slot
line parameters, following exponential taper curve definition
equation is used [17, 18]:

y = C1eax + C2, (4)

where “a” is the rate of opening the exponential taper, and C1

and C2 can be calculated by the starting and ending points of
the taper P1(x1, y1) and P2(x2, y2),

C1 = (y2 − y1)/(eax2 − eax1 ), (5)

C2 = (y1eax2 − y2eax1 )/(eax2 − eax1 ). (6)

Figures 1–3 illustrate layout of a modeled SIW-based ETS
antenna without, rectangular, and elliptical dielectric
loading, respectively.

Table 1 shows the parameters of the antenna obtained using
above equations. The shape of the curvature influences the trav-
eling wave in two main areas. First is the beginning of the taper
and the second is the wide end of the taper. On both places, a
reflection of the traveling wave is likely to occur. Therefore,
smoother taper in the neck minimizes the reflection there
[19]. This can be achieved with higher value of “a”. The beam-
width in the H-plane can be controlled through the flare in the
H-plane. The beamwidth in the E-plane is determined by the
flare in the E-plane that is limited. In some applications, a
wider beamwidth in the E-plane is also desired. For this
purpose, a dielectric slab is placed in front of the antenna.
This slab serves as the dielectric guiding structure in the
E-plane. In the H-plane, for an antenna with maximum gain,
the flare phase distribution along the H-plane is nearly
uniform without the dielectric loading.

Fig. 1. ETS antenna without dielectric loading.
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C) Simulation and measurement results
discussions
The antenna structure is simulated without dielectric loading
using three-dimensional (3D) electromagnetic (EM) software
CST Microwave Studio as shown in Fig. 2, the gain is 7.2 dB,
main lobe direction is 818, return loss is 212.07 dB, VSWR is
1.66 and side lobe level is 24.0 dB. A rectangle and elliptical
dielectric loading is placed in front of the antenna flare to
increase the gain, reduce the side lobe level of the antenna
and respective structures are shown in Figs 3 and 4.

Figure 4 shows that the elliptical dielectric loading gives
higher gain compared with the rectangle dielectric loading
with the same length. When the length of dielectric loading
is 4 mm, gains of rectangle and elliptical are 8.3 and
11.4 dB, respectively. Furthermore, the rectangle and elliptical
dielectric loading are investigated. Table 2 shows the perform-
ance comparison of the dielectric loading at 60 GHz. The
dielectric-loaded antenna was suggested in [20] which are
useful in high-gain applications. However, in the dielectric-
loaded antenna using SIW technology provides slightly
higher gain with wider main lobe directions at 60 GHz.

Compared with the antenna without dielectric loading, the
gain of the elliptically dielectric-loaded antenna is increased by
4.2 dB, S11 parameter has decreased by 20.16 dB and the
main lobe direction is increased by 248 with less side lobe
level. From these results it is seen that the elliptical dielectric
loading antenna gives higher gain with the marginally
broader main lobe direction at 60 GHz. The performance

comparison of the antenna with elliptical dielectric loading
using 3D EM software CST and comparisons with high
frequency structure simulator (HFSS) validate the design pro-
cedure based on antenna gain, S11, and VSWR. It is observed
that there is good agreement in the simulated results between
the gain, S11, and VSWR. A slight difference in the two simu-
lated values is basically because of the two different numerical
methods employed in CST and HFSS. Furthermore, the
antenna efficiency with elliptical dielectric loading is also ana-
lyzed and found that the radiation efficiency is 96.84% and
total efficiency is 91.05%.

The antenna without dielectric loading and elliptical dielec-
tric loading with optimized dimensions are fabricated on the
Rogers RT Duroid 5880 high-frequency substrate with a thick-
ness of 0.787 mm, relative permittivity of 2.2, and relative per-
meability of 1 and loss tangent of 0.0009. The top side of the
antenna has radiating flare and the other side is ground
plane. The photograph of fabricated antenna with elliptical
dielectric-loaded ETS antenna is shown in Fig. 5.

The antenna S11 parameter and gain are measured using
the Vector Network Analyzer MVNA-8-350 with probe
station. The simulated and measured S11 parameter for

Fig. 2. ETS antenna with rectangular dielectric loading.

Fig. 3. ETS antenna with elliptical dielectric loading.

Table 1. Dimension of the antenna

Symbol Value (mm)

LA 8
WA 8
LD 4
FL 13.5
TL 5
ML 3

Fig. 4. Gain versus length of the dielectric loading.
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antenna with elliptical dielectric loading is shown in Fig. 6. A
slight difference is observed between the measured value and
simulated value. The difference between the measured and
simulated S11 of the antenna is caused by the microstrip to
SIW transition.

The simulated and measured gain of the antenna with ellip-
tical dielectric loading is shown in Figs 7(a) and 7(b). The
maximum of measured gain is also very close with 10 dB at
60 GHz for the antenna and the simulated maximum of
gain is 10.2 dB. The measured result shows that the bandwidth
of the antenna covers over 3.33 GHz, while the gain of the
antenna is kept almost constant within such a wide bandwidth
of the antenna. Simulation results specify that metallic and
dielectric losses do not have a substantial effect on the band-
width and matching condition of the antenna, while they
decrease the measured gain of antenna by 0.2 dB. The appar-
ent difference between the simulation and measured gains
might be due to the calibration-linked tolerance range of the
antenna reference in anechoic chamber.

The measured radiation pattern of the antenna at resonant
frequency is shown in Fig. 8. The radiation pattern measure-
ment is carried out in a conventional far-field anechoic
chamber which uses a V connector to connect the antenna.
Owning to the size of the connector compared with the
antenna, the rear radiation patterns were not incorporated
in the results. However, the similar effects were observed in

the simulation results and most significantly, the radiating
behavior of the antenna is very similar to simulation results.

I I I . C H A N N E L M E A S U R E M E N T A N D
C H A R A C T E R I Z A T I O N

The study of wave propagation seems as a significant task
when developing a wireless system. The purpose of this
section is to focus different aspects concerning the wireless
propagation channel at the 60 GHz system. In indoor envir-
onments, the radio propagation of EM waves between the
transmitter and the receiver is characterized by the occurrence
of multipath due to various phenomena such as reflection,
refraction, scattering, and diffraction. In fact, the performance
of communication systems is largely dependent on the propa-
gation environment and on the structure of antennas [21, 22].

A) Measurement setup
The transmitter/receiver pair (Model: TRA-5960FW) with
elliptically dielectric-loaded ETS antenna was used to carry
out the measurements in the narrow hallway environment.
To generate 60 GHz frequency, a reference signal of 10 MHz
for phase locked loop (PLL) locking and an intermediate
frequency (IF) of 3 GHz were fed to the transmitter. Power
was fed to the transmitter through a signal generator (Agilent’s
N5182A MXG). The receiver was connected to the spectrum
analyzer (Agilent’s N9010A EXA) with the span set to 50.
The control and data storage were also accomplished by the
spectrum analyzer. The transmitter and receiver antennas
were mounted on a controllable positioning device at the
height of 1 m. By the help of this positioner, the antenna
could be moved accurately over a certain distance on a linear
track during the measuring procedure. During the acquisition
the receiver antenna was moved over a distance of 10 m.

B) Description of simulation environment and
measurement
Narrow corridor environment holds the following dimen-
sions, 14.0 m length, 1.83 m width, and 3 m height, in a
modern multi-storied building. The left and right walls of
the narrow hallway is made of concrete (relative permittivity

Table 2. Performance comparison of the dielectric loading at 60 GHz

Dielectric
loading

Gain
(dB)

Main lobe
(Degree)

S11 (dB) VSWR Side
lobe (dB)

Without 7.2 80 212.07 1.66 24.0
Rectangle 8.3 82 211.43 1.73 23.8
Elliptical 11.4 104 212.23 1.64 26.2

Fig. 5. ETS antenna with elliptical dielectric loading.

Fig. 6. Measured and simulated S11 parameter for antenna with elliptical
dielectric loading.
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1r ¼ 7.0) with glass windows (1r ¼ 4.0). The floor is covered
with porcelain tiles (1r ¼ 6.0) and the concrete ceiling is
covered with gypsum board (1r ¼ 3.0). Figure 9 illustrates
the 3D view of narrow corridor environment. The hallway is
located on the 13th floor of the Tech Park building of SRM
University, Chennai, India (GPS Coordinates: 128 49′

29.35′′N, 808 02′ 42.88′′ E) [23].

C) Analytical parameters
The value of the received power obtained from measurements
is converted into path loss (PL). The PL at a distance d from
the transmitter is [22]

PRX(dBm) = PT − PLd + GT + GR, (7)

where PT is the transmitted power in dBm, PLd is the path loss
in decibels for the transmitter–receiver separation distance d,
PRX is the received power measured in dBm, GT is the transmit
antenna gain in decibels, and GR is the receive antenna gain in
decibels. Path loss exponent (PLE) can be derived from the
calculated value of the path loss. The PLE is given by [4].

PLd(dB) = PLd0 + 10n log
d

d0

( )
+ Xs, (8)

where n is the PLE, d0 is the reference distance at the transmit-
ter which is 1 m in this case, PLd0 is the path loss at reference
distance d0, d is the distance between the transmitter and
receiver, PLd represents the path loss at distance d and Xs is
the Gaussian random variable whose average value is zero
[23] and standard deviation is s. This parameter shows that
the path loss at any given point will deviate from its average
value.

Figure 10 shows the path loss value in narrow corridor
environment. For the comparison, the calculated, simulated,
and measured path loss values for LOS scenario using
dielectric-loaded ETS antenna are given in Table 3. From
the results, it is observed that the path loss for narrow corridor
environment increases as the transmitter–receiver separation
distance increases. It is observed that the path loss varies
from 84 to 103 dB in a narrow corridor within an operating
space of 10 m. The differences between calculated and mea-
sured path loss values are due to presence of ETS antenna V
connector, waveguide adaptor and blocking effects. If commu-
nication link occurs in a larger box-shaped room then we have
to do coverage and planning analysis for to deploy the access
points. The path loss will increase further in larger room.

Another important parameter derived from the Power
Delay Profile (PDP) is the root-mean-square (RMS) delay
spread (DS), is defined as square root of the second central
moment of the average PDP and it provides a measure of
the variability of the mean delay. At MmW frequencies the
channel dispersion is smaller when compared with the
values encountered at lower frequencies because echo paths
are shorter on average. Measurements at 5 and 60 GHz indi-
cate a difference of a factor 1.5–2. The RMS DS of the channel
may range from a few to 100 ns. It is expected to be highest if
omnidirectional antennas are used in large reflective indoor
environments. When high-gain antennas are used, the RMS
DS may be limited to a few ns only, but this is only the case
when the antennas are exactly pointed toward each other
[24]. The RMS DS tRMS, which can be expressed as,

tRMS =

��������������������∑N
i=1

ti( )2 − t( )2( )Pi

∑N
i=1

Pi

√√√√√√√√ , (9)

Fig. 7. Measured and simulated gain for antenna with elliptical dielectric loading.

Fig. 8. Measured and simulated radiation pattern for antenna with elliptical
dielectric loading.
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where ti and Pi are the excess delay and the power level of ith
multipath component of the PDP, respectively. The �t is the first
central moment of the PDP and it represents the average excess
delay of the channel. Typical values of tRMS for indoor environ-
ments at 60 GHz are of the order of 10 ns or less.

Figure 11 shows the RMS DS in narrow corridor environ-
ment. For the comparison, the simulated and measured RMS
DS values for LOS scenario using Dielectric-loaded ETS
antenna are given in Table 4. The typical values for indoor
environments at 60 GHz are of the order of 10 nS or less
[7]. From the results, it is observed that it is expected to be
higher if omnidirectional antennas are used in large reflective
indoor environments. With the high-gain antennas, the RMS
DS may be limited to a few ns only but this is the case only
when the antennas are exactly pointed toward each other.
This can be attributed to the complex nature of the 60 GHz
channel and the diverse range of propagation scenarios con-
fronting each researcher.

Further effort was made to decide the capacity, the
maximum rate at which information can be transmitted. As
60 GHz has the potential to provide the Gbps data rates, it
can be used for high definition video streaming multimedia
applications. The channel capacity defines the maximum
attainable data in the specified channel condition. Capacity
is set by bandwidth and signals-to-noise ratio (SNR) and
can be given as [23, 24].

C = B × log2(SNR + 1), (10)

where B is the offered bandwidth of the system and SNR is a
measure of signal strength relative to the background noise
and can be obtained by,

SNR = PRX − 10 log(KTsyst) − 10 log(B) − NFRX, (11)

where PRX is the received power, 10 log (kTsyst) is equal to
174 dBm/Hz for a system temperature of 178C, NFRX is the
noise figure of the receiver in decibels, and “B” is the bandwidth
of signal in hertz. The receiver low noise amplifier (LNA)
noise figure is assumed to be 8 dB and the RF bandwidth is
assumed to be 3.33 GHz. It is observed that capacity decreases
with increasing distance. Table 5 provides the summary of the
capacity value in narrow hallway environment. Furthermore,
the performed study shows that the ETS antenna has a
higher capacity compared with the horn antenna with the
maximum capacity of 11.49 Gbps within an operating space
of 10 m [24]. Fig. 12 shows the maximum reachable capacity
value in a narrow hallway environment. It is observed that
the capacity decreases with increasing distance.

I V . C O N C L U S I O N S

The use of MmW techniques offers many advantages for
short-range Gi-Fi wireless communication systems compared
with radio techniques at lower frequencies. Besides, a new
adaptation between microstrip line and SIW is proposed
which is predominantly useful in MmW Gi-Fi wireless

Fig. 9. (a) Three-dimensional design of narrow corridor environment. (b) Narrow corridor environment. (c) Measurement setup for narrow corridor
environment using Horn antennas for reference. (d) Measurement setup for narrow corridor environment using elliptically dielectric-loaded ETS antenna.
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communication applications. The SIW technology with emu-
lated waveguides can be utilized to eliminate the unwanted
radiations from feed, particularly when compared with
similar structures built using microstrip lines. A novel config-
uration of SIW-based ETS antenna with dielectric loading is
proposed, designed, fabricated, and measured. The proposed
antenna measured gain of the antenna is 11.2 dB, return loss
is 212.23 dB, VSWR is 1.64, and main lobe direction is
1048 at 60 GHz. It is also observed that with proper selection
of dielectric structures and its parameters, marginally more
gain with broader main lobe direction for the given antenna
can be achieved. The reasonable agreement between the simu-
lated and measured results shows that the designed antenna
with elliptical dielectric loading is useful for the variety of
wireless applications. In order to support a Gi-Fi reliable
transmission within an indoor environment and unembel-
lished multipath dispersion, a suitable solution is to use high-
gain antennas. However, our studies exposed that the
high-gain antenna directivity stresses the importance of the
antennas pointing accuracy. In addition, the use of directional
antennas for 60 GHz WPAN applications is very sensitive to
objects blocking the LOS path. It is believed that the huge
demand for bandwidth and higher data rate services will
make the 60 GHz channel an inevitable eventuality.
However, due to the complex nature of MmW propagation,
there are still a lot of unknowns that need to be quantified
before a working standard is achieved. With this in
mind the work presented in this paper serves as a valuable
contribution to the deployment of MmW-based wireless
local area network (WLAN) and WPANs.

Fig. 10. Path loss values in narrow corridor environment.

Table 3. Summary of Path Loss values in narrow corridor environment

Distance, d (m) Free space
path loss (dB)

Dielectric-loaded ETS
antenna

Path loss (dB)

Calculated Measured

1 67.96 73.25 84.01
3 77.51 82.69 89.13
5 81.94 86.60 93.82
7 84.86 90.10 101.90
9 87.05 92.63 104.37

Fig. 11. RMS DS in narrow corridor environment.

Table 4. Summary of RMS DS in narrow corridor environment

Distance d, (m) Dielectric-loaded ETS antenna

RMS delay spread (ns)

Simulated Measured

1 0.16 0.18
3 0.34 0.54
5 0.78 0.94
7 1.02 1.21
9 1.76 1.56

Table 5. Summary of capacity value in narrow corridor environment

Distance d (m) Elliptically dielectric-loaded ETS
antenna

Shannon capacity (bits/s)

Simulated Measured

1 11.49 × 109 11.05 × 109

3 11.06 × 109 10.06 × 109

5 10.76 × 109 9.48 × 109

7 10.54 × 109 9.16 × 109

9 10.37 × 109 8.71 × 109

Fig. 12. Maximum attainable capacity value in narrow corridor environment.
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