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ABSTRACT 

In this paper, we have investigated the design parameters of RF CMOS switch, which will be used for the wireless tele-
communication systems. A double-pole four-throw double-gate radio-frequency complementary-metal-oxide-semicon- 
ductor (DP4T DG RF CMOS) switch for operating at the 1 GHz is implemented with 45-nm CMOS process technology. 
This proposed RF switch is capable to select the data streams from the two antennas for both the transmitting and re-
ceiving processes. For the development of this DP4T DG RF CMOS switch we have explored the basic concept of the 
proposed switch circuit elements required for the radio frequency systems such as drain current, threshold voltage, 
resonant frequency, return loss, transmission loss, VSWR, resistances, capacitances, and switching speed. 
 
Keywords: 45-nm Technology, Capacitance of Double-Gate MOSFET, DG MOSFET, DP4T Switch, Radio Frequency, 

RF Switch, Resistance of Double-Gate MOSFET, VLSI 

1. Introduction 

In the radio transceiver the switches, traditional n-MOS 
switch has better performance compare to PIN diodes 
(use of PIN diodes consumes more power), but only for a 
single operating frequency [1,2]. For multiple operating 
frequencies, high signal distortions are easily observed, 
which results in an unrecognizable information signal at 
the receiver end which would be measured by using the 
curve of capacitance and voltage with VEE Pro software 
[3,4]. A continuous scaling of CMOS technology has a 
better performance of both frequency and noise, where it 
is becoming a rigorous part for RF applications in the 
GHz frequency regime of the spectrum. The aggressive 
scaling of metal-oxide-semiconductor field effect tran-
sistors (MOSFET) has led to the fabrication of high per-
formance MOSFETs with a cut-off frequency (fT) of more 
than 150 GHz [5]. As a result of this development, the 
CMOS is a strong candidate for the RF wireless commu-
nications in this frequency regime of the specrum. 

For the Multiple-Input, Multiple Output systems, it is 
essential to design a new RF switch that is capable of 
operating with multiple antennas and frequencies as well 
as minimizing signal distortion and power consumption 
[6-8]. The excellent improvement in the frequency re-

sponse of Si-CMOS devices has aggravated their use in 
the millimeter-wave regime such as high capacity wire-
less local area network, short range high data rate wire-
less personal area networks, and collision avoidance ra-
dar for automobiles. Using Si-CMOS for these applica-
tions allows for higher levels of integration and lower 
cost with improving the efficiency. Since for 65-nm te- 
chnology has application of 60 GHz power amplifier de-
signs [9,10], but recently few research group has demon-
strated 60 GHz power amplifiers in 45-nm technologies. 

For radio-frequency applications, generally, the com-
mon drive requirements for off-chip loads are of 50 Ω 
impedances. This impedance is a good compromise be-
tween lowest loss and highest power handling for a given 
cable size. Also this impedance caught on for RF trans-
mission sooner than the well established 75 Ω that had 
been used for video transmission. The nodal capacitance, 
drain and source sidewall capacitances are the factors 
which controls the bandwidth of RF switches [11,12]. 
Since these switches are to be used with digital and base- 
band analog systems, control by on-chip digital and ana-
log signals is another factor in the design [13].  

In the design of DP4T DG RF CMOS switch struc-
tures with 45-nm technology for digital and analog, a 
transaction between speed and frequency response and 
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circuit complexity is always encountered. The properties 
for RF CMOS switch design for the application in com- 
munication and designed results are presented and have 
been designed to optimize for the particular application 
[14]. A DP4T DG RF CMOS switch has the properties 
as fixed tuned matching networks, low quality factor 
matching networks, high power output, mounting flange 
packages, and silicon grease. Some bipolar RF CMOS 
transistors are suitable for automotive, commercial or 
general industrial applications. 

In this paper, we present a comprehensive study of the 
RF switch performance of 45-nm low-power, high-speed 
double-pole four-throw double-gate radio-frequency com-
plementary-metal-oxide-semiconductor (DP4T DG RF 
CMOS) switch. The DP4T DG RF CMOS switch struc-
tures with different aspect ratios for 45-nm technology 
and their layouts are studied to understand the effect of 
device geometry on working of switching properties. In 
this design transistor width increases for double-gate 
MOSFET such that peak power-added efficiency (PAE) 
and output power Pout decrease as these parameters de-
creases with increasing device width because of a reduc-
tion in fmax [15]. In a RF power amplifier, PAE is defined 
as the ratio of the difference of the output and input sig-
nal power to the DC power consumed. The RF power 
performance of 45-nm devices is shown to be very com-
parable to that of 65-nm devices. 

An application for a CMOS switch covers the areas of 
micro power circuits and other wireless applications at 
frequencies from as low as 0.1 GHz for low earth orbit-
ing satellite system to thousand of GHz [16]. Various 
circuit parameters have been discussed in this paper for 
better performance.  

Each of the parameters will be discussed separately 
for the purpose of clarity of presentation and under-
standing the operation of DP4T DG RF CMOS switch 
structures for 45-nm technology. The organization of the 
paper is as follows; DP4T DG RF CMOS switch model 
is presented in Section 2, Characteristics of DP4T DG 
RF CMOS switch for layout are discussed in Section 3. 
The capacitances, Inductances and other parameters pre- 
sent in DG MOSFET for high speed RF switches are 
discussed in Section 4. The effective resistance of DP4T 
DG RF CMOS present in switch is discussed in Section 
5. Finally, conclusion of the work is in Section 6. 

2. DP4T DG RF CMOS Switch Model 

The selections of RF CMOS switch require an analysis 
of performance specifications. Since drain-source break- 
down voltage is the maximum drain-source voltage be-
fore breakdown with the gate grounded [17], also speci-
fications for RF CMOS transistors includes the maxi- 

 

Figure 1. DP4T RF CMOS switch with inverter property [14]. 
 
mum drain saturation, common-source forward transcon- 
ductance, operating frequency, and output power. De-
vices that operate in depletion mode can increase or 
decrease their channels by an appropriate gate voltage. 
By distinction, devices that operate in enhancement 
mode can only increase their channels by an appropriate 
gate voltage. RF MOSFET transistors vary in terms of 
operating mode, packaging, and packing methods. 

This paper proposes a design of DP4T DG RF CMOS 
switch structures at 45-nm technology for low power 
consumption and low distortion application of RF 
switch in communication that operates at 0.1 GHz to 60 
GHz. The n-channel devices were used in the HF por-
tion of the circuits with p-channel devices used as cur-
rent sources. The switches which were designed to drive 
50 Ω resistive loads and utilized multiple gate fingers to 
reduce parasitic capacitance in an effort to improve the 
operating frequency [13]. 

The objective of proposed design of a switch is to op-
erate at 0.1 GHz to few GHz frequency range for MIMO 
systems. This switch must mitigate attenuation of pass-
ing signals and exhibit high isolation to avoid corruption 
of simultaneously received signals [14]. According to the 
previous work, DP4T switch is a fundamental switch for 
MIMO applications because parallel data streams can be 
transmitted or received simultaneously using the multiple 
antennas. For instance, the transmitted signal from 
Power Amplifier (PA) is sent transmitter ‘A’ which is 
shown in Figure 1 with named as ‘A_Tx’ port and travel 
to the ANT1 node while the received signal will travel 
from the ANT2 node to the receiver ‘B’ with a named as 
‘B_Rx’ port and pass onto the Low Noise Amplifier or 
any other application. 

The proposed switch contains CMOS in its architec-
ture and needs only two control lines (V1, V2) of 1.2 V to 
control the signal traffic between two antennas and four 
ports as shown in Figure 1, Hence, improving port isola-
tion performance two times, compared to the DPDT 
switch and reducing signal distortion. In addition, signal 
fading effects can be reduced because sending identical 
signals through multiple antennas will most likely result 
in a high quality combined signal at the receiver end. For 
the design of DP4T DG RF CMOS switch, we design a 
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Figure 2. Basic double-gate n-MOSFET. 
 

 
 

Figure 3. Proposed DP4T DG RF CMOS switch. 
 
double-gate as shown in Figure 2. This shows the dou-
ble-gate n-MOSFET. Similarly, we can design double- 
gate p-MOSFET. Now, we convert the Figure 1, DP4T 
switch using the basic double-gate transistor as shown in 
Figure 2, for DP4T DG RF CMOS switch as shown in 
Figure 3. 

Since in the Figure 1, four transistors are used for two 
antennas. In this antenna using the CMOS functionality, 

at a time any one of transistor M1 or M3 will operate and 
in the same fashion any one of transistor M2 or M4 will 
operate. Same function is measured in the proposed 
DP4T DG RF CMOS switch as in Figure 3. This circuit 
is designed with a Micro-Cap Evaluation 6.0 tool. We 
can find easily that CMOS based RF switches allow 
longer battery life than PIN diodes, because current con-
sumption is significantly reduced and also about 60 per-
cent smaller than the smallest GaAs RF switch on the 
market. Furthermore, our switch also experiences mini-
mal distortion, negligible voltage fluctuation, and low 
power supply of only 1.2 V. In this switch with compare 
to Figure 1, for A_Tx and B_Tx, two p-MOS are de-
signed for parallel combination and for A_Rx and B_Rx, 
two n-MOS are designed for parallel combination which 
is better selection. 

3. Characteristics of DP4T DG RF CMOS 
Switch for Layout 

Figure 4 shows the layout of DP4T DG RF CMOS 
switch with two input voltages (Vin1 and Vin2) and out-
put through antennas (ANT1 and ANT2) with two trans-
mitters (Tx_A and Tx_B) and two receivers (Rx_A and 
Rx_B). This layout is drawn with Microwind 3.0 version 
tool. Here color code has their usual meanings [18,19]. 
Figure 5 shows the antenna voltages ANT1 and ANT2 

with input voltages Vin1 and Vin2 for this transceiver 
switch. Drain current for this transceiver switch with 
output voltage is shown in Figure 6, which gives the 
grain current Idd (max) 0.387 mA, Idd (avg) 0.02 mA, also 
raise time 36 ps at 1 GHz operating frequency.  

 

Figure 4. DP4T DG RF CMOS switch layout with antennas. 
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Figure 5. Antenna voltage with input voltages for DP4T DG RF CMOS transceiver switch. 

 

Figure 6. Drain current for DP4T DG RF CMOS transceiver switch with output voltage. 
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Figure 7. Antenna (ANT1) output with different frequencies for DP4T DG RF CMOS transceiver switch. 
 

In terms of antenna, we draw the first antenna (ANT1) 
voltage at different frequencies from 0.1 GHz to 8 GHz, 
in which highest voltage on antenna is achieved at 1 GHz 
frequency and that is decreases with the increasing fre-
quencies as shown in Figure 7. Also this result is same 
for second antenna (ANT2). 

4. Measurement of Parameters for Double- 
Gate MOSFET 

With the use of Microwind 3.0 version tool for double- 
gate MOSFET length of 0.045 µm (45 nm) and width of 
22.5 µm, we calculate the capacitance of 5.72 fF, induc-
tance of 30 pH, and resistance of 3.12 kΩ. After that we 
design a DP4T DG RF CMOS switch with help of these 
values of capacitance, inductance and resistance. A small- 
signal performance from few MHz to 100 GHz was mea- 
sured using RF-99 tool freely available software. Equi- 
valent switch circuit with respect to the capacitance is 
shown in Figure 8 and the results are shown in Figure 9 
and in Table 1. 

In detail Figure 9 represents the frequency band, 
noise power, delay, phase shift, return loss at Tx port, 
return loss at antenna port, insertion loss measured be-

tween Tx port and antenna port, VSWR, transmission 
loss, reflec tion coefficient. Additional losses associated 
with cables and connectors, which are quite high at 60 
GHz, must be taken into account in the system imple-
mentation. 

5. Effective Resistance of DP4T RF CMOS 
Due to Double-Gate 

Models of a MOS transistor biased in deep triode region, 
corresponding to the ON state of the switch, and cut-off 
region, corresponding to the OFF state of the switch, are 
shown in Figure 10(a) and Figure 10(b) respectively. 
The insertion loss of a MOS transistor switch under the 
ON state is dominated by its ON-resistance (Ron) and 
substrate resistance (Rb) [20-22]. Isolation of the switch 
under the OFF state is finite due to signal coupling 

 

 

Figure 8. Equivalent switch circuit of capacitance. 
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Figure 9. Measurements of parameters for DP4T DG RF 
CMOS switch. 
 
Table 1. Summary of the performance of the double-gate 
MOSFET T/R switch. 

Parameter Value and Range 
Frequency band 0.1 GHz to 1 GHz 
Temperature 27 degree C 
Noise power 4.4*10-21 W, 
Phase velocity 300 M m/s 
Delay 33.33 ps 
Phase shift 1.2 degree at 0.1 GHz 
Return Loss 10 dB 
Transmission loss 0.46 dB 
VSWR 1.93:1 
Reflection coefficient 0.316 
RMS volts 0.707 V 
Control voltages 1.2 V/0 V 
Idd max 0.387 mA 
Idd avg 0.020 mA 
System impedance 50 ohm 
Capacitance 31.83 pF 
Inductance 79.88 nH 
Reluctance 50 mho 
trise 36 ps 
tfall 31 ps 

through the parasitic capacitances, Cds, Cgs, and Cgd, and 
through the junction capacitances, Csb and Cdb. 

Since the interface contact resistance is inversely pro-
portional to the total gate area as in term of length and 
width of a gate. The reduction of resistance should lead to 
improved RF properties in MOSFETs [5,23-28]. In Fig-
ure 10 these diodes are represented by their junction ca-
pacitances, Csb and Cdb. The ON-resistance is given by; 

on

ox gs th

1
R =

W
μC (V -V )

L
    (1)

 

for proper working of a switch and to reduce the inser-
tion loss, we have to reduce this ON-resistance. So to 
keep this Ron small, we have to following steps; 

5.1. Making Parallel Combination of R 

In double-gate switch there are two resistors between 
drain to source due to gate1 and gate2. Both of these re-
sistors are in parallel so making the Ron half, which keeps 
Ron small compare to single gate MOS. 

5.2. Choosing Transistor with Large μ 

This criterion of reducing Ron can be achieved by using 
n-MOSFET transistors in place of p-MOSFET transistors 
in the design [22]. 

5.3. Increasing Aspect Ratio 

To increase the ratio of W/L, we have to widening a 
transistor width (W) and using transistors of minimum 
allowable channel length (L). Since the minimum value 
of length is limited by the technology which is 45 nm in 
this paper that is for transistor length of 0.045 µm and 
width of 22.5 µm. However, when we increase the width 
of a transistor, its junction capacitances and parasitic 
capacitances increases with same ratio. For single gate 
MOSFET, at ON condition of a transistor, increasing Csb 
and Cdb tends to more signal being coupled with the sub-
strate and dissipated in the substrate resistance Rb. At 
OFF condition of the transistor, increasing Cds, Cgd, and 
Cgs tends to lower isolation between the sources and 
drain due to capacitive coupling between these terminals  

 

 
(a) (b) 

Figure 10. Models of a single gate n-MOS transistor oper-
ating as a switch in (a) ON state and (b) OFF state [22]. 
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[22]. Whereas for double-gate MOSFET when both the 
transistors are ON, increasing Csb and Cdb leads to less 
signal being coupled to the substrate as substrate is not 
present in this structure, so no dissipation in the substrate 
resistance Rb. When the transistor is OFF, increasing Cds, 
Cgd, and Cgs leads to higher isolation between the source 
and drain due to no capacitive coupling between these 
terminals. 

For low frequency, sufficient isolation can be achieved, 
so it is not an optimizing parameter for frequencies of 
order 1 GHz designs. Thus, in these designs, only inser-
tion loss needs to be minimized. No trade-off between 
insertion loss and isolation is required. On the other hand, 
at higher frequencies as 60 GHz, isolation is smaller due 
to several low impedance paths caused by parasitic ca-
pacitances. This necessitates a trade-off between inser-
tion loss and isolation during sizing the transistors. 

In this designed transistor, width increases for double- 
gate MOSFET, so peak power-added efficiency and out-
put power decrease as these parameters decreases with 
increasing device width because of a reduction in fmax [15]. 

5.4. Keeping Vgs − Vth Large 

This criterion can be achieved by increasing the Vgs and 
decreasing the Vth, so that the difference of these can be 
large. Threshold voltage has following equation; 

0th th f sb fV = V + γ.( 2φ +V 2φ )          (2) 

where γ is the body effect coefficient and φf is the Fermi 
level in the substrate. Since in double-gate MOSFET no 
bulk or substrate is available so γ equals to zero and this 
decreases the Vth which participate into increasing of the 
Vgs − Vth . This leads to higher Ron according to (1). In 
conclusion, by increasing the source-drain voltage, we 
sacrifice insertion loss for power handling capability. 

After designing of DP4T DG RF CMOS switch with 
designed double-gate MOSFET for 45-nm technology, 
we draw the layout and measured the parameters avail-
able in this switch. It includes the basics of the circuit 
elements parameter required for the radio frequency 
sub-systems of the integrated circuits such as drain cur-
rent, threshold voltage, resonant frequency, return loss, 
transmission loss, VSWR, resistances, capacitances, and 
switching speed. 

6. Conclusions 

For the purpose of RF switch, we achieve the process to 
minimize control voltage and minimization of the resis-
tance, for the switch ON condition with DP4T DG RF 
CMOS switch. Since the operating frequencies of the RF 
switches are in the order of GHz, therefore, it is useful 
for data link transmitter, radio transceiver switch, wire-

less local area network and other IEEE 802.11 industrial 
applications including Wi-Fi system. 
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ABSTRACT 

The dual band equilateral triangular microstrip antennas are realized by cutting the slots of either quarter wave or half 
wave in length, inside the patch. In this design, however these simpler approximations of slot length against the fre-
quency do not give closer results for different slot lengths and there positions inside the patch. In this paper, the modal 
variations of slot cut patch antennas over wide frequency range are studied. It is observed that the slot does not intro-
duce any mode but reduces the higher order mode resonance frequency of the patch and along with the fundamental 
mode realizes dual band response. The formulations of the resonant length for the mode introduce by the slots in these 
antennas are proposed. The resonance frequencies calculated using proposed formulations agree well with the simu-
lated results with an error of less than 5%. 
 
Keywords: Equilateral Triangular Microstrip Antenna, Dual Band Microstrip Antenna, U-Slot, Pair of Rectangular Slots 

1. Introduction 

The dual band microstrip antenna (MSA) is realized by 
cutting a slot at an appropriate position inside the patch 
[1-3]. Since the slots are cut inside the patch, they neither 
increase the patch size nor largely affect the radiation 
pattern of the patch. These slots can take different shapes 
like, rectangular or square slot, step slot, tooth-brush 
shaped slot, V-slot, U-slot, etc [4-8]. The slot adds an-
other resonant mode near the fundamental mode of the 
patch and realizes dual frequency response. The dual 
band equilateral triangular MSA (ETMSA) have also 
been realized by cutting the pair of rectangular or U-slot 
inside the patch [4-9]. While designing these slotted 
MSAs for the required frequency, depending upon where 
they are cut in the patch, the slot length is taken equal to 
nearly half wave or quarter wave in length. Towards the 
shorted end of the slot, the surface currents encircles 
over a finite length, which stores magnetic energy to-
wards the shorted slot end [10]. To account for this an 
additional length is added to this half or quarter wave-
length. This additional length is reported to be 10% of 
the slot length at the required frequency [10]. However it 
was observed that these simpler approximations of slot 
length against the frequency do not give closer results for 
varying slot lengths and their positions inside the patch. 

Therefore an in-depth analysis for the slot cut MSA is 
required over a wide frequency range so as to accurately 
model the slot length at the required frequency.  

In this paper, the slot frequencies for U-slot or rectan-
gular slots cut dual band ETMSAs, calculated by using 
their half wave or quarter wave length approximations 
are compared with the simulated values obtained using 
IE3D software [11]. It was observed that the above ap-
proximations give larger error for wide range of slot 
lengths and their positions inside the patch. Therefore a 
detail modal analysis for these slots cut ETMSAs was 
carried out over a wide frequency range using the surface 
current distributions obtained using IE3D software. It 
was observed that the U and rectangular slots alters the 
resonance frequency of higher order TM11 mode of ET-
MSA and along with its fundamental TM10 mode realizes 
dual band response. The radiation pattern at the TM10 
mode for ETMSA is in the broadside direction whereas 
at TM11 mode it is in the conical direction. Since the slot 
affects the current distribution on the patch at TM11 
mode, with the increasing slot length the radiation pat-
tern at the modified TM11 frequency becomes in the 
broadside direction. The cross-polarization levels de-
creases with the increase in slot length. The surface cur-
rent distributions for slot cut ETMSAs were studied for 
different slot lengths and the resonant length formulation 
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for the slot (modified higher order) mode and patch 
mode is proposed. The resonant frequencies calculated 
using the proposed formulations agrees well with the 
simulated results with an error of less than 5% over the 
entire slot length range. The formulations are first pro-
posed on glass epoxy substrate (r = 4.3, h = 0.16 cm, 
and tan  = 0.02) and further they are validated on 
RT-Duroid substrate (r = 2.33, h = 0.16 cm, and tan  = 
0.001). 

2. Dual Band Slot Cut ETMSAs 

In most of the reported slotted antennas the slot length is 
taken to be equal to half or quarter wave in length. In 
dual band pair of rectangular slots cut ETMSA as shown 
lengths (l) from 0.5 to 4.0 cm, the equivalent slot reso-

nant length is calculated by adding the correction length 
as given in Equation (1). The slot frequency is calculated 
by using Equation (2). Since the surface currents circu-
late around the slot, the effective dielectric constant (re) 
is calculated by using the average of the widths on the 
two sides of the slot [1]. For different values of Y, the 
frequencies calculated using Equations (1) and (2) are 
plotted against the simulated frequencies obtained using 
IE3D in Figure 1(b-d). The % error (E) with respect to 
the simulated value is calculated by using Equation (3) 
and it is also plotted in the same figure.  

reε

l.
lel

40
  (1) 

 
 

 

Figure 1. (a) ETMSA with pair of slots and its resonance frequency and % error plots for (b) Y = 1; (c) Y = 2 and (d) Y = 3. 
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Figure 2. (a) U-slot cut ETMSA and its resonance frequency and % error plots for (b) Lv = 1; (c) Lv = 2 and (d) Lv = 3. 
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Using this approach for some values of Y and only for 
larger l, a smaller E is obtained. The dual band U-slot cut 
ETMSA is shown in Figure 2(a). The inner U-slot leng- 
th equals half the wave length. The re is calculated by 
using the inner U-slot width (Lv – 2w). The resonant 
length and frequency is calculated by using Equations (4) 
to (6). For different values of Lv and Lh, the slot fre-
quency calculated by using the following equations and 
that obtained using IE3D are shown in Figures 2(b-d). 
For all the values of U-slot dimension, a larger E as cal-
culated by using Equation (3), is observed.   

vLw)h(Lul  2   (4) 

reε

l.
ulel

20
   (5) 

reεel

c
rf

2
   (6) 

Thus the quarter wave or half wave length approxima-
tions of the slot length against the frequency do not give 
closer results. Hence in-depth analysis of slot cut MSAs 
is required to understand the slot mode. The ETMSA in 
above configurations, on glass epoxy substrate has, TM10 

and TM11 mode resonance frequencies of 958 and 1690 
MHz as shown in its resonance curve plot in Figure 3(a). 
The surface current distributions at these two modes are 
shown in Figures 3(b, c). At TM10 mode the currents 
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show half wavelength variation along side length (S) 
whereas at TM11 mode the currents show half wave 
length variations along S as well as along base of the 
ETMSA [1]. In the dual band ETMSA as shown in Fig-
ure 1(a), the slot length l is increased in steps of 0.5 cm 
from 0.5 to 4.0 cm and the surface current distributions 
for each value of l and for different slot position (Y) 
were studied. For slot dimensions of l = 2.5 cm, w = 0.2 
cm and Y = 2.0 cm, the dual frequencies are f1 = 940 
MHz and f2 = 1176 MHz, as shown in the resonance 
curve plot in Figure 3(a). The current distributions at 
these two frequencies are shown in Figures 3(d, e). As 
seen from the current distributions for ETMSA and ET-
MSA with pair of slots and the resonance curve plot that 
the pair of rectangular slots perturbs the surface currents 
and reduces the TM11 mode resonance frequency from 
1690 to 1176 MHz as shown in Figure 3(a). Here the 
slots do not introduce any mode but reduces the higher 
order mode resonance frequency and f2 is governed by 
this modified (due to the slots) TM11 resonance frequen- 
cy. The f1 is governed by TM10 mode of ETMSA, as half 
wavelength variation in surface currents is present along 
S. This frequency is also marginally affected by slots as 
shown in Figure 3(a). The radiation pattern for ETMSA at 
TM11 mode and for slot cut ETMSA for two different slot 
lengths are shown in Figures 4(a-c). At TM11 mode, the 
pattern is in the conical direction. However since the slots 
affects the current distributions on the patch, with the in-
creasing slot length the radiation pattern becomes in the 
broadside direction. Also as observed from the patterns, 
the cross polarization levels decreases with the slot length. 

Similar study is carried out for U-slot cut ETMSA. 
The resonance curve plot for ETMSA and for U-slot cut 
ETMSA (U-slot dimension: Lh = 3.0, Lv = 1.0, w = 0.2 
cm) are shown in Figure 5(a). The surface current dis-
tributions at the dual frequencies for U-slot cut ETMSA 
is shown in Figures 5(b, c). As seen from the current 
distributions and resonance curve plots, the horizontal 
slot of the U-slot reduces the TM11 mode resonance fre-
quency and f2 is governed by this modified TM11 mode. 
This frequency has reduced from 1690 to 1324 MHz. 
The f1 is governed by TM10 mode. This frequency is also 
reduced since the vertical U-slot length is orthogonal to 
surface currents at TM10 mode and it increases the sur-
face currents length. The radiation patterns at f2 for two 
different U-slot lengths are shown in Figures 5(d, e). 
Similar to the above dual band ETMSA, the U-slot af-
fects the current distributions on patch at f2 and gives 
broadside radiation pattern. The cross polar level de-
creases with increasing U-slot length. In the following 
section by studying current distributions at dual frequen-
cies the formulation of resonant length at dual frequen-
cies for the above slot cut ETMSAs are proposed. 

 

 

 

Figure 3. (a) Resonance curve plot for ETMSA (__  __  __) 
Re, (____) Im, and ETMSA with pair of slots (____ _ ____) Re, (_ 

_ _ _) Im, its (b, c) surface current distributions at TM10 and 
TM11 modes and surface current distributions for dual slot 
cut ETMSA at (d) f1 and (e) f2。 
 

3. Formulation of Resonant Length for Slot 
Cut ETMSA 

The modal variations for ETMSA in voltage and currents 
are with respect to the centroid of the patch [1]. For S = 
10 cm, the centroid point lies at nearly 3 cm from the 
base of ETMSA. For TM10 mode the current maxima is 
present at the centroid point whereas at TM11 mode the 
voltage maximum is present at the centroid point [1]. 
Due to these different variations in current and voltage 
distributions at two modes, for pair of rectangular slots  
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Figure 4. Radiation pattern for ETMSA at (a) TM11 mode 
and at f2 for (b,c) different lengths of pair of slots. 
 
cut ETMSA as shown in Figure 1(a), for l > 3 cm, the 
decrease in f2 is smaller whereas decrease in f1 is larger. 

The resonance frequency of ETMSA depends upon the 
effective side length (Se) [1]. To formulate f1 (modified 
TM10 mode) for pair of slots cut ETMSA, Se is modified 
with respect to the l and the resonance frequency is cal-
culated by using Equations (7) to (12).  
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Figure 5. (a) Resonance curve plot for ETMSA (____) Re, (__  

__  __) Im, and ETMSA with U-slot (_ _ _ _) Re, (____ _ ____) Im, 
surface current distributions at (d) f1 and (e) f2 for U-slot 
cut ETMSA and its (d,e) radiation pattern for different 
U-slot lengths. 
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The width as seen by the surface currents varies from  
base of ETMSA towards the vertex point. Towards the 
base, it is equal to S and towards the opposite vertex 
point it is nearly equal zero. Hence the effective width 
(We) is taken equal to be the average of the width along 
ETMSA length as given in Equation (7). The re is cal-
culated by using Equation (8). For smaller l, decrease in 
f1 is smaller and for larger l, decrease in f1 is larger. To 
account for this non-linear variation, a weighting func-
tion (A) in terms of l is used as given in Equation (10). 
The equation for A is derived based on the variation in 
frequency of TM10 mode against l. For a given l, with 
increase in Y, the perturbation in surface current length 
increases (or the frequency reduces) since the slots are 
placed towards the maximum current location. This 
variation is accounted by using the sinusoidal term, as 
given in Equation (9). The fringing field extension is 
accounted by the last term in the right hand side of Equa-
tion (9). The frequency is calculated by using Equation 
(11) and the % error (E) between the calculated and 
simulated values with respect to the simulated value, is 
calculated by using Equation (12) and they are plotted in 
Figures 6(a-f). For the entire slot length range, an E of 
less than 5% is obtained. The resonant length at f2 is 
formulated by modifying Se with respect to l as given in 
Equations (13) to (16).  
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The factor ‘2’ in Equation (13) is to account for the 
circulation of surface currents around the slot length. The 
perturbation in surface current length is modeled by using 
the weighting function A and the equation for the same is 
derived based on the frequency variation with respect to l 
at TM11 mode. The variation in the frequency with Y, for 
given l, is modeled by using sinusoidal function in Equa-
tion (13). The Y is varied from 1 to 3 cm and the l is 
varied from 0.5 to 4.0 cm. The frequency f2 obtained  

 

Figure 6. (a-f) Resonance frequency and % error plots for 
dual band pair of slots cut ETMSA at f1. 
 

 

Figure 7. (a-f) Resonance frequency and % error plots for 
dual band pair of slots cut ETMSA at f2.  
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Figure 8. (a) Input impedance and VSWR plots, (____) 
simulated, (_ _ _) measured, and (b, c) measured radiation 
pattern for ETMSA with pair of slots. 
 
using simulation, calculated by using Equation (15), and 
E calculated by using Equation (16) are plotted in Fig-
ures 7(a-f). For all the values of Y, a close match is ob-
tained between the simulated and calculated frequencies. 

While designing the pair of rectangular slots cut  
ETMSA for the given two frequencies, the separation 
between the pair of slots is selected first as it affects the 
impedance matching at the two frequencies. Due to the 
ETMSA patch geometry, Y is taken to be less than S/4, 
so as to have larger variation in l and hence the fre-
quency. Thus Y = 2 is selected. For the desired dual fre-
quencies of 860 and 1060 MHz, the slot length obtained 
from Figures 6 and 7 is = 2.5 cm. The slot width of 0.2 
cm is selected. The slotted ETMSA is simulated and dual 
frequencies and BW’s are 888, 1073 MHz and 15, 15 
MHz, respectively as shown in Figure 8(a). This re-
sponse is experimentally verified and the measured fre-
quencies and BW’s are 910, 1089 MHz and 12, 13 MHz, 
respectively as shown in Figure 8(a). The frequency 
values obtained using proposed equations are very close 
to the simulated and measured frequencies. The radiation 

pattern at dual frequencies is shown in Figures 8(b, c). 
The E and H-planes at both the frequencies are aligned 
along  = 00 and 900, respectively. The pattern is in the 
broadside direction at both the frequencies with the cross 
polar levels less than 12 dB as compared to the co-polar 
levels. Although the radiation pattern at TM11 mode of 
ETMSA is conical, but since the pair of slots affects the 
current distributions on the patch at f2, the radiation pat-
tern is in the broadside direction.  

As seen from the current distributions for U-slot cut 
ETMSA, the U-slot affects the surface current distribu-
tions at TM10 as well as TM11 mode and realizes dual 
band response. At f1, the TM10 mode is dominant as half 
wave length variation in surface currents is present along 
S. However due to the finite Lv, the surface current 
length is perturbed and the frequency is reduced. At f2, 
the horizontal slots of the U-slot modify the TM11 mode  
resonance frequency and this frequency is governed by 
modified TM11 mode. The formulation of resonant length 
at f1 is given by modifying Se with respect to the U-slot 
dimensions as given in Equations (17) to (20).  

 
For f1,  
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Figure 9. (a-f) Resonance frequency and % error plots for 
dual band U-slot cut ETMSA at f1. 
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For narrow slots, (Lv < S/4), the perturbation in surface 
current length is lesser. In those cases, using B = 0 and A 
= 1, a closer prediction in resonant length is obtained. 
For Lv > S/4, the perturbation in surface current length 
increases and hence by using B = 0.6 and A = 2, a closer 
prediction in the length and the resonance frequency is 
obtained. The f1 calculated by using Equation (20) and E 
calculated by using Equation (12) are plotted in Figures 
9(a-f). Using the proposed formulations, for all the slot 
dimensions, an E of less than 5% is obtained. At f2, the 
formulation in resonant length is obtained by using 
Equations (21) to (23). 
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Similar to pair of slots cut ETMSA, the factor ‘2’ in 
Equation (21) is to account for the circulation of surface 
currents around the slot length. To account for the cur-
rent variation in TM11 mode a sinusoidal function in Lv is 
used in Equation (21). The A is the weighting function 
and the relation for A is derived based on variation in 
frequency with respect to U-slot dimensions for TM11 
mode. The frequency and E are calculated by using 
Equations (23) and (16), respectively and they are plotted 
in Figures 10(a-f). For the entire range, frequencies cal-
culated using the proposed formulations agrees closely 
with the simulated values. For designing the U-slot cut 
ETMSA, first the value of Lv is selected. For the dual 
frequencies of 900 and 1300 MHz, using Lv = 1.0 cm and 
w = 0.2 cm, the horizontal U-slot length obtained by us-
ing frequency plots in Figures 9 and 10 is, Lh = 3.0. This 
ETMSA with U-slot is simulated using IE3D and the 

 
Figure 10. (a-f) Resonance frequency and % error plots for 
dual band U-slot cut ETMSA at f2. 

 

Figure 11. Input impedance and VSWR plots for ETMSA 
with U-slot, (____) simulated, (_ _ _) measured. 
 
frequencies and BW’s are 883, 1245 MHz and 15, 18 
MHz, respectively as shown in Figure 11. The U-slot cut 
ETMSA is fabricated and the measured frequencies and 
BW’s are 910, 1275 MHz and 15, 19 MHz, respectively 
as shown in Figure 11. The frequencies calculated using 
proposed equations agrees well with the simulated and 
measured results. The radiation pattern at the two fre-
quencies is in the broadside direction. The E and 
H-planes are aligned at  = 00 and 900, respectively. At 
f2, a higher cross polarization is present. The cross polar 
level decreases with the increase in U-slot dimensions. 
These proposed formulations are also validated on RT- 
duroid substrate. Using duroid substrate, for to have 
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Figure 12. (a-h) Resonance frequency and % error plots for 
pair of slots cut ETMSA using RT-duroid substrate at f1.  
 
TM10 resonance frequency nearly equal to 950 MHz, the 
S equals 14 cm. For pair of rectangular slots cut ETMSA, 
the f1 and f2 obtained using IE3D and the proposed for-
mulations and E between them are shown in Figures 12 
and 13. For duroid substrate also a closer agreement be-
tween the two results is realized. Similar results are ob-
tained for U-slot cut ETMSA. 

4. Conclusions 

The resonance frequency calculation for slot mode in 
pairs of rectangular slots and U-slot cut ETMSAs using 
quarter and half wavelength approximations are dis-
cussed. It was observed that they give closer match only 
for some values of slot lengths and their positions inside 
the patch. An in-depth modal analysis for pair of rectan-
gular slots cut and U-slot cut ETMSA was carried out 
and it is observed that the slots does not introduce any 

mode but reduces the higher order TM11 resonance fre-
quency of ETMSA and along with the fundamental TM10 
mode realizes dual frequency response. The slots affects 
the current distribution on the patch at TM11 mode and 
thus with increasing slot length the radiation pattern at 
the frequency due to the slot becomes in the broadside 
direction. The cross polarization level reduces with the 
slot length. By studying the surface current distributions 
at the dual frequencies, the formulation in resonant 
length at dual frequencies is proposed for these slotted 
ETMSAs and the frequencies obtained using these for-
mulations agree closely with the simulated as well as 
measured results. 
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ABSTRACT 

This paper, two Artificial Neural Network (ANN) models using radial basis function (RBF) nets are developed for the 
design of Aperture Coupled Microstrip Antennas (ACMSA) for different number of design parameters. The effect of 
increasing the number of design parameters on the ANN model is also discussed in this work. The performances of the 
models when compared are found that on decreasing the number of design parameters, accuracy of the model is in-
creased. The results given by the prepared models are comparable with the results of the IE3D software. So, these 
models are accurate enough to measure the design parameters of ACMSAs. Thus the neural network approach elimi-
nates the long time consuming process of finding various designing parameters using costly software packages. 
 
Keywords: Artificial Neural Network, RBF Nets, ACMSA 

1. Introduction 

The artificial neural network can be referred to as an 
artificial human brain which processes data after proper 
training. Three basic aspects of a neuronal model are [1- 
2]: 
 It consists of a large number of processing elements 

like neurons and nodes 
 Each nodes connect to a large number of other neurons 

and 
 The functionality of the network is determined by 

modifying the strengths of the connection during the 
learning phase. 
Ability, adaptive capability and ease of implementa-

tion have made ANN a popular tool for many design 
problems in today’s communication world. These net-
works directly give almost accurate result eliminating the 
various time consuming complex computations required 
for different works. In the present scenario, the neural 
network models are used extensively for wireless com-
munication engineering, which eliminates the complex 
and time consuming mathematical procedures of design-
ing antennas, like Method of Moments (MOM) [4-6]. 

In recent years, Wide band and Ultra wide band 
(UWB) technology have experienced many significant 
developments. Printed antennas play a very important 

role in this area because of their simple structure, ease of 
construction, low cost, conformal to planar, low profile, 
reproducibility and ease of integration with solid state 
devices [3]. However, the analysis of printed antennas is 
complex and exhaustive. To optimize the antenna effi-
ciency for transmitting and receiving modes, the patch 
impedance should match with the feed hence it becomes 
very necessary to optimize the feed position. Moreover, 
the dimensions of antenna along with its feed line and 
dielectric of the substrate are other parameters which are 
to be optimized for antenna to operate in a desired reso-
nant frequency or frequency band in case wide band and 
UWB operation [7-11]. Determination of these parame-
ters is tedious, cumbersome and time consuming process. 

In this proposed work, due to the high demand of wide 
band antennas in wireless communication, ACMSA’s 
design problems are taken under consideration. The error 
percentage in the first ANN model which is developed 
using RBF nets to give nine design parameters of the 
ACMSA is quite high while the time consumed by it is 
very low when it is compared with the one developed 
using Back propagation algorithm [12]. Since ACMSA is 
commonly used in wide band application, the relative 
error given by the ANN model developed using Radial 
Basis Function (RBF) is acceptable as the minimum fre-
quency in the operating frequency band have a large 
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space to resonate within the band. Still a low error per-
centage from the ANN models is always desirable, hence 
the second RBF-ANN model is developed to give only 
two design parameters of an ACMSA keeping other pa-
rameters fixed at some predetermined value. Both the 
models can be used to design an ACMSA for a desired 
minimum frequency in the frequency band ranging from 
1.5 GHz to 8.9 GHz. 

2. Antenna Design 

The geometry and the design parameters under consid-
eration of an ACMSA are shown in Figure 1 and Figure 
2, respectively. It consists of two substrates separated by 
a ground plane. The top substrate (r

a) contains the radi-
ating element, and the bottom substrate (r

b) contains the 
microstrip feed line. A small aperture is cut in the ground 
plane to allow coupling from open circuited microstrip 
feedline to the radiating patch. The parameters on which 
resonant frequency of the antenna depends upon are 
shape and dimensions of the radiating element, dimen-
sions of the ground plane, shape and size of the aperture, 
dimensions of feedline, position of feedline and the di-
electric constants of the two substrates [13-18]. 

An ACMSA can be designed for different frequencies 
using FR 4 sheet because of its easy availability. The 
shape of radiating element and aperture are chosen to be 
rectangular. The output parameters determined during 
the design of an antenna are:  

(a) Dimensions of ground plane (Lg, Wg) 
(b) Dimensions of aperture (Lap, Wap) 
(c) Dimensions of radiating element (Lp, Wp) 
(d) Dimensions of feed (Lf, Wf) 
(e) Feed position (X, Y = 0) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1. Geometry of an ACMSA. 

 
 
 
 
 
 
 
 
 
 
 

Figure 2. Design parameters in an ACMSA. 
 

3. Development of ANN Model 

The construction of RBF network, in its most basic form, 
involves three layers with entirely different roles. The 
input layer is made up of source nodes (sensory units) 
that connect the network to its environment. The second 
layer, the only hidden layer in the network applies a 
nonlinear transformation from the input space to the 
hidden space. In most applications the hidden space is of 
high dimensionality. The output layer is linear, supplying 
the response of the network to the activation pattern ap-
plied to the input layer. A RBF net architecture is given 
in Figure 3. 

Radial Basis function networks are substantially faster 
than the methods used to train multi-layer perceptron 
networks. This follows from the interpretations which 
can be given to the internal representation formed by the 
hidden units, and leads to a two stage training procedure. 
In the first stage, the parameters governing the basis 
functions (corresponding to hidden units) are determined 
using relatively fast, unsupervised methods, in which it 
uses only input data and not the target data. The second 
stage of training then involves the determination of the 
final-layer weights, which requires the solution of a lin-
ear problem, and which is therefore also fast. 

The trained neural network provides a special ap-
proximation where the exact results of the numerical 
 
 
 
 
 
 
 
 
 
 

 

Figure 3. A RBF network architecture. 
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analysis, which are hidden in the training patterns, are 
used for neural computation and give us directly all the 
required designing parameter of an antenna for a desired 
frequency. That way, a computationally modest neural 
network model can replace a numerical analysis for pa-
rameters differing from training patterns. 

4. Results and Discussions 

In this proposed work, first an ANN model for aperture 
coupled microstrip antenna, considering nine design pa-
rameters is developed using RBF network. The simulated 
values which are trained for the model development and 
the antenna configurations are obtained from the IE3D 
software, which is a commercial simulator based on the 
moment of methods. The number of training data is in-
creased by the method of interpolation which is quite 
reliable because interpolation technique is applied on the 
graph that is obtained from the simulated data. The net-
work is trained with radial basis function network, whose 
performance goal was taken as 0.0001% and spread con-
stant is 400. For 831 input/output training samples, the 
network requires only 4 minutes for training, and Rela-
tive error (percentage error) is found to lie within 20% to 
60%. The time taken to develop the same model using 
RBF network is very less while error% is quite high than 
that found with the model which was prepared using 
BPA network [7]. Relative error is calculated using the 
formula as follows: 

Relative Error = [(Simulated Value – ANN Value) 

/Simulated value] *100           (1) 

The network is tested for 10 random frequencies. 
Those input frequencies are compared with the resonant 
frequencies obtained from IE3D software for the corre-
sponding output parameters given by the network. The 

results are tabulated in Table 1 for all the parameters, 
which also compare the simulated value with the one 
obtained from the ANN model. 

From Table 1 one can estimate that the prepared net-
work or model is good enough for determining the vari-
ous design parameters of an ACMSA operating between 
1.5 GHz and 8.9 GHz. The above mentioned characteris-
tics of the ACMSA obtained from the ANN model are 
found to have high errors but due to the wide band prop-
erty of ACMSA, the errors are still acceptable. The rea-
son behind this high error is cumulative error caused by 
large number of design parameters taken under consid-
eration. To reduce this, next an ANN model is developed 
considering only two design parameters. 

Now, a RBF – ANN model for two design parameters 
is developed keeping the configuration of RBF net same 
as that developed for the design of ACMSA for nine de-
sign parameters. The developed RBF – ANN model for 
two design parameters of ACMSA is checked for 10 
random frequencies. The design parameters given by this 
model when simulated using IE3D software gives the 
expected results and it is found that error % is reduced 
highly. Comparison of the minimum frequency in the 
frequency band obtained by simulated and the RBF- 
ANN model for two design parameters for ACMSA is 
tabulated in Table 2. The error % is found to lie between 
0.2% and 10% and time taken to develop this model is 
just 10 seconds.  

The time taken for the development of the ANN model 
using RBF nets is very less and this learning method is 
good for the development of such ANN model which is 
used to obtain less number of design parameters. If the 
design parameters are increased, error % increases which 
in turn affects the efficiency of the ANN model. For 
large number of design parameters, training should be 

Table 1. Error measurement for the simulated fr from IE3D and the NN model using radial basis network for the design of 
ACMSA for nine design parameters. 

Input Parameters Output Parameters 

S.N. 
Lg 

(mm) 

Wg 

(mm) 

Lap 

(mm) 

Wap 

(mm) 

Lp 

(mm) 

Wp 

(mm) 

Lf 

(mm) 

Wf 

(mm) 

X 

 

fr 

(GHz) 

(IE3D) 

fr 

(GHz)

(NN) 

% Error

 

1. 65.6130 67.5983 4.0165 4.0165 60.9313 62.9464 38.3829 8.4919 −158256 1.302 1.5 23.98 

2. 57.0427 57.8659 3.5287 3.5287 51.6755 51.8765 34.3563 7.3930 −13.6118 2.31 1.8 22.08 

3. 43.1930 41.6296 2.7400 2.7400 36.4645 34.1344 26.7684 5.5737 −10.0244 1.52667 2.44 −57.20 

4. 41.2692 39.3054 2.6301 2.6301 34.3180 31.6929 25.6668 5.3156 −95239 1.60333 2.5 55.9 

5. 36.0778 32.9440 2.3340 2.3340 28.4860 25.1383 22.6161 4.6115 −8.1762 1.81 2.8 54.7 

6. 30.6364 26.0827 2.0237 2.0237 22.2907 18.3922 19.2635 3.8603 −6.7665 2.112 3.18 −50.57 

7. 26.9157 21.2448 1.8121 1.8121 18.0016 13.8922 16.8436 3.3383 −5.8076 2.365 3.5 −47.99 

8. 21.0075 13.2507 1.4789 1.4789 11.1090 7.1695 12.6600 2.4978 −4.3115 2.995 4.2 −40.23 

9. 16.3552 6.6940 1.2278 1.2278 5.7907 3.0094 8.7977 1.8630 −3.2333 3.76 5.2 −38.3 

10. 14.1618 4.0632 1.1306 1.1306 3.9040 2.6344 6.6903 1.6809 −2.9008 4.27 6.2 −45.2 
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Table 2. Error measurement for the simulated fr from IE3D and the NN model using RBF network for the design of ACMSA 
for 2design parameters. 

Input Parameters Output Parameters 
S.N. 

Lg Wg fr (GHz) IE3D fr (GHz)NN Error% 

1. 28.1095 28.1095 2.21 2.2 0.45 

2. 25.9323 25.9323 2.39 2.4 −0.42 

3. 18.5848 18.5848 3.18 3.2 −0.63 

4. 17.0883 17.0883 3.37 3.4 −0.89 

5. 14.5039 14.5039 3.85 3.8 1.299 

6. 12.4640 12.4640 4.39 4.2 4.328 

7. 11.6484 11.6484 4.64 4.4 5.172 

8. 10.4255 10.4255 5.06 4.8 5.138 

9. 9.7474 9.7474 5.31 5.2 2.072 

10. 9.7513 9.7513 5.32 5.8 −9.023 

Table 3. Comparison of mean error % and time taken by different ANN models, for the design of ACMSA. 

S.N. 
Number of Design 

Parameters 

Time taken to develop 

BPA-ANN model 

Mean Error % given by 

BPA-ANN model 

Time taken to develop 

RBF-ANN model 

Mean Error % given by 

RBF-ANN model 

1. 9 1 hr 1.39657 4 min 43.615 

2. 2 5 min 0.59 10 sec 2.94 

Table 4. Comparison showing minimum frequency obtained from different methods. 

S. N 
Frequency Obtained From ANN Model 

(GHz) 

Frequency Obtained From IE3D

(GHz) 

Frequency Obtained From Prototype Model Fabricated

(GHz) 

1. 2.44 1.52667 2.46 

 
done using back propagation algorithm. Table 3 shows 
the comparison of mean error % and time taken for the 
development of the different ANN models. Mean error % 
is calculated as given in Equation (2) and a comparison 
of the resonant frequencies obtained by ANN model, 
IE3D software and the prototype model when measured 
in vector network analyzer is shown in Table 4. 

Mean =  |RelativeError|/10                 (2) 

5. Conclusions 

The trained networks are very useful as they give all the 
design parameters of the ACMSA for any desired reso-
nant frequency. A distinct advantage of neural computa-
tion is that, after proper training, a neural network com-
pletely bypasses repeated use of complex iterative proc-
esses for new design presented to it. This work can be 
extended for various dielectric constants for different ra-
diating patch. 
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ABSTRACT 

The purpose of this paper is to solve the problem of Ad Hoc network routing protocol using a Genetic Algorithm based 
approach. In particular, the greater reliability and efficiency, in term of duration of communication paths, due to the 
introduction of Genetic Classifier is demonstrated. 
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1. Introduction 

Ad Hoc networks differ from the traditional networks due 
to the absence of a fixed infrastructure, to the mobility of 
hosts, to channel sharing capabilities and to limited 
available band. These differences make the protocol for 
wired net not useful for Ad Hoc net. 

A lot of studies were made to try to adapt the robust 
wired net protocol to Ad Hoc net protocol [1]. 

In particular Ad Hoc networks need routing protocols 
that are capable of adapting to the variation of topology of 
the net, guaranteeing an acceptable throughput even in the 
presence of a high number of terminals. The mentioned 
protocols must therefore guarantee a high reliability of the 
net together with an energy waste reduction. 

A plenty of solutions was proposed for this purpose 
[2-7] even if their performances are not very satisfying for 
Ad Hoc networks. 

More exactly, the proactive protocols tend to show a 
particular stability for the net even if they suffer by band 
waste due to need of updating the topological data net 
even in the absence of real and effective changes. 

On the other hand, reactive protocols operate in a dif-
ferent way, facing more rapidly the topological change of 
the net, even if they suffer by packet lost when the 
changes become too fast [2]. 

An attempt of overcoming the mentioned protocols is 
represented by the hybrid protocols that try to use the 
better features of both proactive and reactive protocols 
[8,9]. 

The study of a proper hybrid protocol is the purpose of 

the present paper. In particular the problem is solved using 
a Genetic Algorithm (GA) approach showing very inter-
esting results both from reliability and efficiency point of 
view in term of duration of communication paths.  

The great advantage of the proposed technique is rep-
resented by the capabilities of Genetic Classifiers (GCs) 
of selecting, basing on the environmental information and 
on the experience acquired with time, the better path 
between different nodes, in term of duration of commu-
nication paths. 

In the following, after illustrating the general principles 
of Ad Hoc network routing protocols (Section 2), the 
principles of GC are shown (Section 3); after that the 
proposed protocol (Section 4) the related obtained results 
(Section 5) and the generalization (Section 6) are shown, 
followed by conclusions (Section 7). 

2. Ad Hoc Networks Routing Protocols 

To understand the purpose of the present work it is nec-
essary to make an overview of the actual Ad Hoc routine 
protocols. 

It is evident that the goodness of a protocol routine 
depends on the amount of information available about the 
net. In an Ad Hoc network, due to the mobility of the 
nodes, it is necessary to exchange a high amount of in-
formation to keep the nodes updated. This implies a band 
consumption due to the need of exchanging signalling 
information and consequentially energy consumption. 

An efficient routing protocol must guarantee the reli-
ability of the net, reducing at the same time band and 
energy waste. 
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Actually two main routing protocol are available, that 
are proactive and reactive [10-13] each of them charac-
terized by positive and negative features. 

Proactive protocols try to keep the knowledge of all the 
nodes, exchanging routing information without taking 
care if the path is really used for communications. Every 
node stores the necessary routing information and it is 
responsible for the propagation of topological change of 
the net. 

These features contribute to reduce the delay related to 
the research of paths but at the same time produce a band 
and energy waste. 

Reactive protocols reduce the above mentioned prob-
lems since they avoid of making periodical broadcast 
transmission, seeking a route only when it is strictly 
necessary. 

On the other side, they generate a high traffic volume 
when a route is researched, generating delay. Further the 
lack of a global view of the net decrease the reliability of 
the net itself. 

The partial inefficiency of the above mentioned pro-
tocol has led to the development of a third typology that 
tries to take the better features of the other two classes. 

Hybrid protocols try to realize an on-demand protocol 
with a limited research cost. The most common is the ZRP 
protocol [14-17] that uses the advantage of proactive 
route discovery in a limited area and the advantage of 
reactive protocol to transmit this information between the 
different local areas. 

Since in an Ad Hoc network the most of communica-
tions take place between adjacent nodes, the topological 
variations are more relevant near the node more distant, 
where the adding or the subtraction of another node have a 
certain impact. 

The separation in local areas allows the applications of 
different algorithms, improving the general performances 
of the net. 

For this reason the present work is aimed at studying a 
new kind of hybrid protocol adding a proper genetic al-
gorithm (GA) based core that allows the system to learn 
directly from the environment, ensuring reliability and 
flexibility. 

Before starting with the explication of the studied 
protocol, it is necessary an overview of GA and Genetic 
Classifiers. 

3. Genetic Classifiers 

A genetic classifier is essentially a classifier system en-
dowed by proper Genetic Algorithms that manage its 
activities. 

GCs have revealed to be extremely useful in a plenty of 
applications [18-21]. 

3.1. Structure 

A classifier system is an automatic knowledge machine 
that is capable of learning simple rules, called classifiers, 
to finalize its behaviour in an arbitrary environment ac-
cording to determined needs. 

It’s structure can be described using a methodology 
similar to the one used for dynamic systems, that is: 

1) a group of fixed length strings (classifiers), which 
represents the behavioural rules, based on a ternary al-
phabet, composed by a condition and an action. Every 
classifier is labelled with a value that represents its 
strength (fitness) as a function of the results obtained 
operating according to the action suggested by the classi-
fier itself; 

2) a series of inputs that receive the information from 
the external environment and determine which classifier 
must be activated; 

3) an auction mechanism that determines which of the 
activated classifier is effectively acting; 

4) an accountability system that updates the values of 
each classifier basing on the premium received according 
to the decision acted; 

5) a genetic algorithm that is capable of introducing 
new set of rules substituting the older ones. The algorithm 
is generally activated when an input message does not 
correspond to any classifier already present inside the 
system. 

3.2. Principles 

The system can be reduced to 3 fundamental points that 
are shown in Figure 1. 

The system of rules and messages present in the clas-
sifier system is a special kind of operative system. It 
represents a computational scheme that uses properly 
rules to reach the desired goal. It has been demonstrated 
[22,23] that these systems are computationally complete 
and efficient. Although different syntaxes are available as 
a function of the working scheme chosen, generally the 

 

 

Figure 1. Scheme of a genetic classifier. 
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rules can be represented as: 

if <condition> then <action>                   (1) 

The above rules means that the action is immediately 
executed if the condition is satisfied. 

The classifier systems adopt a fixed length representa-
tion for the rules and allow the activation and the use of 
parallel rules. 

The system of rules and messages constitutes the com-
putational core of the classifier. The information propa-
gate from the environment, through the inputs, and they 
are decoded into one or more than one fixed length mes-
sages. These messages can activate the related rules that 
are inserted in a proper list of messages. 

Once a classifier is activated, it sends its message to the 
list above mentioned. These messages can, in a second 
time, activate other messages or generate an action 
through the actuator towards the external environment 
using proper effectors. In this way the classifiers combine 
their suggestions and the environmental suggestions to 
determine the future behaviour of the whole system. 

To understand this mechanism, it is better analyse into 
details how the messages and the classifiers are used 
inside the system. 

A message inside the system is simply a finite length 
string, composed using a finite alphabet. Since we limit, 
in our case, at using a binary alphabet, its precise defini-
tions is: 

<message>::={0,1}      (2) 

A message is therefore defined as a sequence of 1 and 0 
and it represents the fundamental instrument for infor-
mation exchange inside the whole system. 

Messages inside the list can be coupled with one or 
more than one rules. A classifier is therefore a working 
rule defined as: 

<classifier>::=<condition>:<message>   (3) 
where the condition is defined as: 

<condition>::={0,1,#}       (4) 

It is immediate to note that the definition of a condition 
differs from the definition of message exclusively for the 
introduction of a special character (#) that implies a “don’t 
care” situation. A condition is therefore coupled with a 
message if, in any position of its string, a 0 couple with a 0, 
a 1 couple with a 1, or a “don’t care” # couple with a 0 or a 
1. 

Once a condition of the classifier is coupled, the related 
classifier becomes a candidate to send its message to the 
list of messages in the following step. The possibility of 
sending its message to the list is defined basing on the 
strength of the message itself through a proper auction 
involving all the activated rules. 

For this reason it is necessary to introduce a credit as-

signment algorithm that allows each classifier to be la-
belled with a proper strength value. 

The most used algorithm for this kind of functionality is 
the so called bucket brigade [24]. To better understand its 
behaviour, a metaphor has been used using two main 
components that are an auction and a clearing house. 

When the classifiers are coupled, they do not send 
immediately their message to the list but they participate 
to an auction. Each message can participate to the auction 
thanks to its strength that represents a concept similar to 
the fitness in the genetic algorithm that is the goodness of 
its property in solving the defined problem. Every classi-
fier makes a bid B proportional to its strength, that is: 

Bi=Cbid*Si           (5) 

where Bi is the bid, Si is the strength of the classifier and 
Cbid is a proper proportionality constant.  

In this way, the rules characterized by greater fitness 
values are classifiers to be selected to send its message. 
The auction allows a particular rule that has been selected 
through the auction to delete its bid by means of the 
clearing house in the case of a remainder coupling with 
the remaining messages. 

The payment of the bid is divided between the classi-
fiers that couple in different ways; this payoff division 
helps the whole system to guarantee the formation of a 
correctly dimensioned messages subpopulation. 

Genetic algorithm is the third and fundamental point of 
a classifier system [25]. 

The GA used inside the proposed genetic classifier 
system is operative according the following steps: 

1) code of the problem; 
2) creation of the initial population of potential so-

lutions; 
3) creation of a fitness function that allows each so-

lution to be assigned with a value that estimates its suit-
ability; 

4) formalization of genetic operators (crossover, 
mutation, etc.) that alters the next generation chromo-
somes; 

5) assignment of values to the different parameters 
that regulate the evolution (population dimension, prob-
ability of application of genetic operators); 

6) definition of stop condition. 
In our case the genetic algorithm try to evolve, learning 

new rules of the kind “if <condition> then <action>” that 
allows the genetic classifier to operate in the better way 
inside the considered system. 

The fitness of the rules is evaluated considering their 
performances in term of correctness of time duration 
predictions of desired paths. In this way the genetic algo-
rithm introduces new sets of rules inside the system, de-
leting the older one, allowing the classifier of reaching in  
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Figure 2. Operative scheme of genetic algorithms. 

 
the better way its regime condition. The used fitness 
function is illustrated in the next paragraph. The algo-
rithm stops according to the chosen stopping conditions. 
Even in this case, it does not exist predefined conditions, 
and a stop condition related to the degree of fitness 
reached has been chosen. 

The selection process is implemented by means of the 
so-called roulette wheel selection where the value of the 
strength S of every classifier represents its fitness score. 

4. Proposed Hybrid Protocol 

We already said in the previous section that a proper hy-
brid protocol based on genetic classifier has been devel-
oped to increase the reliability of Ad Hoc network. 

In the following the features of the considered protocol 
are illustrated. 

The whole net is composed by the union of coverage 
areas of the different nodes. 

Each node of the network samples, at regular time in-
tervals, the signal level of the nodes located in its cover-
age area, normalizing them in percentage, and uses them 
as rules to estimate future lasting of the paths between the 
node itself  and the measured nodes. 

The structure of the rules is: 

If <sample0, sample-1Ts0,……; sample-(N-2)Ts0, sample-(N-1) 

Ts0> then <estimated duration of path>             (6) 

where Ts0 is the sampling time, <sample-iTs0> is the signal 
sample of the node measured at –i Ts0 time and N in the 
number of samples used by the rules.  

The information coming from the net are stored as en-
vironmental messages that determine which classifier 
must be activated basing on the result of matching opera-
tion between strings of bits. 

At the same time different rules can match their condi-
tion with the description of information coming from the 
environment: in this case a proper auction mechanism is 
activated to select the most fitting classifier. 

The selected rules pays a certain fee proportional to its 

patrimony, that is divided between the classifier that have 
activated it, increasing their values. 

The strength of a group of rules is evaluated consider-
ing the performance of the net in term of prediction of 
duration of time of paths. In this way the GA introduces 
new set of rules inside the system, substituting the older 
one, allowing the GC to reach its better performance in a 
quite short time. 

The result of this working principle is a numerical value 
that represents the estimated temporal lasting of each path, 
allowing the choice of the more correct one for any par-
ticular purpose. 

After a certain time, depending on the variability of the 
net, the GC starts to work correctly, giving to the net a 
high reliability, that is the purpose of the present work. 

Each node keeps the operative information of the other 
nodes into two separated tables: 

1) signal level samples table; 
2) routes table. 
The signal level samples table stores the information 

related to the nodes that are currently into the coverage 
area of each node. The structure of the data is: 

<nodej> <samplej,0, samplej,-1Ts0, ……; samplej,-(N-2)Ts0, 
samplej,-(N-1)Ts0 >                              (7) 

where <nodej> is the measured node j and <samplej,-iTs0> 
is the signal samples of the node j measured at –i Ts0 time.  

The routes table stores the information related to the 
available paths of the considered node. The structure of 
the data is: 

<destination node> <source node> <estimated dura-
tion of path> <time of evaluation>                (8) 

where <destination node> is the node that must be reach- 
ed which can be in the coverage area of the considered 
node or in the coverage area of another node, <source 
node> is the starting node that can be the considered the 
node itself (in this case the destination node is a node 
located in the coverage area of the considered node) or a  
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Figure 3. State diagram of the proposed algorithm. 
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node located in the coverage area of the node (in this case 
the source node owns the information to route the data to 
be transmitted towards the destination node), <estimated 
duration of path> is the value of duration of path esti-
mated by the genetic controller using the relative data 
samples stored into the signal level samples table, <time 
of evaluation> is the time at which the duration of path 
evaluation was made, allowing to know, when a route 
request is made, if the route is still valid or how long it 
will be valid. 

Every node is endowed by a genetic classifier that, 
starting from the environmental information constituted 
by the signal level samples of nearby nodes, is capable of 
choosing correctly the route where to send the data pack-
ets. This choice is made basing not on the mean strength 
of the links but on the more reliable and lasting link, using 
the information acquired from the net. 

The state diagram of the used algorithm is shown in 
Figure 3. 

At the begin the genetic controller is initialized with the 
desired number of rules, composed by N temporal signal 
samples, in a random way, since the algorithm doesn’t  
know anything about the environment to be controlled. 
For this reason the rules are initialized with random values 
that are correctly updated with time. 

Since the node has just been activated, it doesn’t know 
anything about the available routes and a total route dis-
covery routine is activated, so that it immediately knows 
the available routes, without being able to estimate their 
duration, since signal samples (to be evaluated) are not yet 
available. This step is a typical proactive action. 

After the total routes discovery step, the received in-
formation are stored into the routes table and are available 
for the node itself or for the other nodes. 

Then, the timer variables Tp for regular proactive action 
and Ts for regular signal level sampling of nodes located 
into the coverage area of the considered node are set to 
zero, to start the main cycle of the algorithm. 

At this point the main cycle of the algorithm starts.  
The first procedure is the rules optimization executed 

by the genetic controller. In this procedure the estimated 
duration of paths by means of rules containing signal level 
samples are compared with the real observed durations 
and are properly updated to become more and more pre-
cise in their estimation. At the same time new rules are 
generated by the genetic algorithm contained in the ge-
netic controller. These new rules can be useful for dura-
tion estimation (and in this case they are conserved) but 
they can also be not useful (in this case there are deleted 
and substituted with more performing rules). 

At this point a route request control is made. If there is a 
request, the algorithm checks if the requested route is 
stored into the routes table and if it is not expired. If the 

route is present in table and still valid, it starts the data 
transmission, according to the estimated duration of route. 
If the route is not present into the routes table, a find route 
procedure is executed, that is a typical reactive action. If 
the route is not found, nothing can be made by the node 
and the algorithm continues its regular flow. If one or 
more routes are found, the routes table is updated and the 
data are transmitted. 

If after the genetic controller optimization any route 
request is made, the algorithm continues its regular flow. 

At this point the timer variables Tp and Ts, are updated 
and temporal checks are made: if Tp > Tp0 (where Tp0 is a 
design constant that forces the system to execute the 
proactive procedure), Tp is set to zero and a total routes 
discovery routine is executed, that is a typical proactive 
action, and the results are stored into the routes table. 
The continuous update of the routes causes a consider-
able use of the net resources. For this reason it is updated 
at regular intervals Tp0 more than continuously, realizing 
a compromise between efficiency of the net and reduc-
tion of energy and band consumption. 

If Tp < Tp0 no action is made. 
If Ts > Ts0 (where Ts0 is a design constant that forces the 

system to execute the signal samples procedure), Ts is set 
to zero and a signal level samples routine is executed and 
the results are stored into the signal level samples table. 
After this step the genetic controller estimates the dura-
tion time of each found route and the results are stored 
into the relative table. 

If Ts < Ts0 no action is made. 
After this step the routine goes back to the genetic rules 

optimization procedure. 
At this point it is necessary to give some more infor-

mation about the data transmission procedure (DTP). 
The DTP is able to do two kinds of choices as a function 

of the temporal availability of the link. In fact, if the tem-
poral need is already known when the link is created, the 
DTP forwards the communication on the proper link from 
the temporal point of view that is not necessarily the 
longer one to avoid of wasting network resources. If the 
transmission length is not known a priori, the DTP 
chooses the more lasting path, giving a high stability to 
the net. 

These performances ensure a higher quality of com-
munication, ensuring a significant reduction of band and 
energy waste. 

The stability is also increased because the DTP checks 
continuously the strength of the signal: if this last one 
decreases below a minimum level between two nodes, the 
DTP seeks immediately a new path where to continue to 
route data, avoiding abrupt interruption of transmission. 

We want now to describe the used fitness function. 
During the auction process, one or more rules can par-
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ticipate to it. Each time a rule participates to a specific 
process of time estimation of a path, it is properly labelled 
with the number of process: one rule can participate to 
different processes and these information are stored in a 
proper label field of the rule. Once a temporal estimation 
of a path is requested to the system, the node check is 
continuously the real duration of the path, to use this 
information, in a second time during the GA phase, to 
select the most precise rules. When the GA phase is acti-
vated, every rules is properly assigned to a portion of the 
roulette wheel according to its precision in time duration 
estimation of the path it participated, to be eventually 
selected for the next generation population: the more 
precise the forecast of the rules and the higher the occu-
pation space in the roulette wheel and consequently the 
higher the possibility to be selected for the next generation 
of population. The fitness of each rule is calculated in the 
following way: for every rule a proper check about the 
estimation processes it participated is made and the most 
precise forecast is selected, that is the rule is associated to 
the estimation process that differs, as less as possible from 
the temporal point of view, from the rules forecast. The 
fitness values of the rules are chosen to be variable be-
tween 10 (exact forecast) and 1 (totally wrong forecast). 
The value 1 has been chosen to allow also the wrong rules 
to evolve towards more fitting rules. This choice is very 
useful in the initial phase of the node, when only a few 
rules are used in the auction mechanism while are the 
other are momentarily in stand-by: since these last rules 
can be useful in the following phases, they must be 
characterized by a certain probability to pass to the next 
generation population of rules. If Tpi is the real duration 
time of the path i (in seconds) verified by the node and Trj 
is the estimated time (in seconds) of the rule j (remem-
bering that each rule is associated to different paths whose 
auction process it participated but it is associated, for the 
fitness evaluation, with the only path it better forecasted 
in term of duration of time), the fitness value Fj of the 
rules j is calculated as: 

Fj=10 － ((abs (Tpi － Trj))/Tpi )*10   (9) 

It is evident that if the forecasted duration of time of 
rule j for the fitness is equal to the exact duration of path i 
Tpi , the fitness value Fj of the rules j is equal to 10. If Fj is 
lesser than 1, it is set by default equal to 1, to ensure a 
certain residual probability to the rule j to evolve in the 
next generation population of rules. 

If a certain rule didn’t participate any auction process, it 
is automatically rated with value 1. If a certain rule par-
ticipated to one or more different auction processes but it is 
rated with a value lesser than 1, the fitness value is set to 1. 

Once all the rules are properly rated, they are assigned a 
space proportional to their fitness value on a proper rou-

lette wheel and the next population selection mechanism 
takes place. 

Let’s consider a practical numerical example whose 
parameters choice is generalized in Section 6. 

In this case each node is considered to measure the men-
tioned signal every 30 second, as explained inSection 6. 

A rule is based on 60 samples of signal taken every 30 
seconds that is each rules express the history of 1800 
seconds of the signal strength of the nodes. 

The higher the number of samples of the rules and the  
higher the precision of the forecasted duration time of the 
link, as explained in Section 6. 

The number of samples represents a compromise be-
tween precision and computation time of GC. 

In the same way the shorter is the time between samples 
and the higher is the precision of the forecasted duration 
time of the link, as explained in Section 6. 

The time interval between samples represent a com-
promise between precision and computation time of GC. 
The structure of the rule implemented on GC is shown in 
Figure 4. 

The choice of the number of rules is quite critical since 
a reduced number (100 for example) ensures a rapid 
learning but a higher percentage of error while a great 
number (1500 for example) ensures a reduced percentage 
of error but a long learning time. The optimal number of 
classifiers in our case has resulted to be 800, as explained 
in Section 6. 

In the next section the results obtained from the im-
plementation of the considered protocol are illustrated 
while more general results are illustrated in Section 6. 

5. Performances and Results 

Before presenting the results obtained by the simulations, 
it is necessary to illustrate the condition under which they 
have been obtained. 
 

 

Figure 4. Structure of the rules. 
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Figure 5. Example of network structure at the initial phase. 
distance are expressed in kilometers. 
 

Simulations were made considering a 1000 m × 1000 m 
area with 40 moving nodes. Their movement is charac-
terized by a velocity that varies instantaneously in 
modulus and phase, in a uniform way, between 0 - 10 [m/s] 
and 0 - 2 π (with step equal π/4 rad) respectively. Each 
node is characterized by a circle coverage ray equal to 150 
m (Figure 5). 

Two kinds of check were made: the first one aimed at 
verifying the robustness while the second one aimed at 
verifying the performances improvement with respect to a 
deterministic protocol.  

5.1. Temporal Analysis of the Performances 

In the first kind of check, 40 route discovery requests were 
made each time and the net is observed for almost 60 
minutes. 6 particular check moments, corresponding to 10, 
20, 30, 40, 50, 60 minutes are considered to verify the 
correctness of the choices made by the GC at 5, 10 15, 20, 
25, 30 minutes from its activation 

Since it is impossible to illustrate all the results, in the 
following only a restricted significant group of them is 
illustrated. In particular the better, the worst and the mean 
value of performances are illustrated. 

A fundamental parameter is represented by the error 
between the estimated time of the link calculated the GC 
algorithm and the effective time of the link. 

The first results are shown in Figure 6. 
We can immediately see that the GC shows the ex-

pected behaviour. In particular the performances strictly 

improve with time, that is, the GC is capable of learning 
from the environment. 

In fact at the first times, when the observation time is 
quite reduced, the GC makes not quite precise forecast 
that penalizes the choice of the correct path, as a deter-
ministic protocol should do. 

After a proper learning time, the GC is capable of 
making correct choices that strongly reduce the error. 

It is possible to see that the difference between the 
better performance and the worst performance decreases 
with the time, due to the fact that each GC on the nodes 
has properly learned from the environment. 

The proposed result do not consider the GCs that work 
correctly from the first time, since these results are con-
sidered as lucky circumstances not useful for our statistic. 

In Figure 7 the mean percentage error on all the simu-
lations is shown. It is possible to see that the performance 
trend is lesser with respect to the mean between the worst 
performances and the better performances, showing that 
their distribution tend to be optimal since the mean error is 
lesser than 3.5%. 

It is possible to see that the GC based algorithm is ca-
pable of selecting with a high precision and reduced error  

 

 

Figure 6. Mean error [%] – best and worst performance. 
 

 

Figure 7. Mean error [%] – all simulations. 
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Figure 8. Comparison between ZRP and genetic based 
routing protocols. 
 
the most reliable paths. 

This growing precision about estimation of path dura-
bility influences strongly the performances of routing 
protocol in term of packet loss, overhead, per-packet 
energy and delay but the related results are not shown here 
for brevity. 

In fact, the improvement with the time on estimation 
allows the choice of a reliable path, which increases with 
the experience acquisition of the Genetic Classifier, in 
reducing the losses caused by coverage loss. 

5.2. Performance Comparison between  
Genetic- Based Routing Protocol and ZRP 

The second kind of verify tends to evaluate the perform-
ances of the proposed protocol with respect to a determi-
nistic protocol. 

In order to achieve significant results we have com-
pared our protocol with another hybrid protocol, the ZRP 
[14]: the two protocols have worked together on the same 
nodes, giving the possibility of comparing the results in 
the same situations.  
The most important remark concerns the type of routing 
choice taken by protocols.  

In Figure 8 it is possible to see how the decision be-
tween the two protocols differs when the time increases. 

In fact, at the beginning, their choice is in coincidence in 
the 93% of situations, to decrease, at the end, at only 65%. 

This demonstrates the superiority of the proposed 
protocol after a certain working time since it is capable 
of reducing the prediction error to values lesser than 
3.5%, making different choices with respect to the ZRP 
after a proper working time. 

In particular, while the behaviour of the ZRP is obvi-
ously almost constant with the time, the performances of 
the genetic protocol improve with the time, overcoming 
those ones of the ZRP. 

6. Generalization of the Proposed System 

To demonstrate the high performances of the proposed  

 

Figure 9. Mean error [%] as a function of the number of 
rules. 
 

 

Figure 10. Convergence time [min] as a function of the 
number of rules. 
 
system it is now necessary to generalize the obtained 
results. In this way it is also possible to understand the 
reason of the choice of the parameters used in the above 
simulation. 

The first studied parameter is the number of rules. For 
this reason different simulations were made varying the 
number of rules and waiting for the final convergence, 
whose time increases with the number of rules, observing 
the mean error (in percentage), that is a significant pa-
rameter. The results are shown in Figure 9, where it is 
possible to see that the mean error decreases with the 
number of rules, reaching values lesser than 3.5% when 
the number of rules is greater than 800. When the number 
of rules is greater than 800, the reduction of mean error is 
less significant, assuming an asymptotic behaviour, while 
the converge time and the memory occupation increase as 
it is shown in the following. For this reason a number of 
rules of 800 has been chosen for the previous simulation. 

Another important parameter is the convergence timeas 
a function of the number of rules. Results are shown in 
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Figure 11. Mean error [%] as a function of the total tem-
poral extension of sampling time [min], for different num-
ber of rules. 
 

 

Figure 12. Mean error [%] as a function of the time interval 
between samples [sec], for different number of rules. 

 
Figure 10, where it is possible to see that the convergence 
time increases with the number of rules, making the sys 
tem able to work correctly, with a non-significant mean 
error reduction, after a considerable learning time For this 
reason a number of rules of 800 has been chosen for the 
previous simulation, since it represents a good compro-
mise between precision and convergence time. 

To check the validity of the proposed system also the 
number of mobile nodes in the considered spatial grid has 
been increased (spatial density of nodes), controlling at 
the same time the possible variation of mean error as a 
function of rules. The obtained results (that are not shown 
here for brevity) are that the number of rules remains 
constant for each chosen mean error and spatial density of 
nodes, showing that it does not depend of this last pa-
rameter. 

Another important parameter is the mean error (in per-
centage) as a function of the total temporal extension 

 

Figure 13. Time interval between samples [sec] as a func-
tion of the maximum velocity of mobile nodes [m/s], for 
different values of radius of coverage area [m]. 
 
of the sampling time (that in the previous simulation was 
30 minutes). Results are shown in Figure 11, for differ-
ent values of number of rules, where it is possible to see 
that the mean error decreases with the total temporal ex-
tension of the sampling time, making the system able to 
work correctly, with a mean error below 3.5%, after a 
learning time of 30 minutes. 

For this reason a total temporal extension of the sam-
pling time of 30 minutes for the previous simulation has 
been chosen, since it represents a good compromise be-
tween precision, memory occupation and convergence 
time. 

Another important parameter is the mean error (in per-
centage) as a function of the time interval between sam-
ples (that in the previous simulation was 30 seconds).  

Results are shown in Figure 12, for different values of 
number of rules, where it is possible to see that the mean 
error increases with the time interval between samples, 
making the system able to work correctly, with a mean 
error below 3.5%, if the time interval is lesser than 30 
seconds for any number of rules. For this reason a total 
temporal extension of the sampling time of 30 seconds for 
the previous simulation has been chosen, since it repre-
sents a good compromise between precision, memory 
occupation and computation time. 

It is now important to understand what happens when 
the maximum velocity of the mobile nodes increases (in 
the previous simulation it was of 10 m/s) or when the 
coverage area of the nodes varies (in the previous simu-
lation the radius of the circular coverage area was of 150 
m). Results are shown in Figure 13, for different value of 
coverage areas, for 800 rules and a mean error lesser than 
3.5%, where it is possible to see that the more the maxi-
mum velocity increases and the more frequently the nodes 
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must be sampled. It is also possible to see that the larger 
the coverage area and the longer the time interval between 
samples, since the nodes are sampled in a more continu-
ous way without leaving the wider coverage area. Since in 
previous simulation 800 rules are used, a coverage area of 
150 meters is assumed and a maximum velocity of nodes 
of 10 m/s is considered, a time interval between samples 
equal to 30 seconds has been chosen. 

All the results illustrated in this section allow to design, 
according to the specific needs, any kind of configuration 
that uses the proposed algorithm, as it was made in the 
simulation illustrated previously. 

7. Conclusions 

In the present work a high performance hybrid protocol 
based on genetic classifier was presented. 

The obtained results, even if related to a quite simpli-
fied context, have shown a high robustness and a high 
improvement of reliability of the whole net, from the path 
temporal duration point of view, where the GC based 
protocol is operating. 
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ABSTRACT 

A new ultawideband circular fractal antenna with notched-band characteristics is presented.  A notched-band charac-
teristic is achieved by employing a U-shape slot in 50 Ω feed lines. The ultra-wideband impedance matching and com-
pact size have been obtained by using CPW-feed technique and the fractal concept. The measured result of proposed 
fractal antenna exhibits the ultra wideband characteristics from 3.0 to 18.0 GHz at VSWR 2:1 except notched-band fre-
quency. The proposed antenna has been analyzed theoretically and experimentally with respect to design parameters. 
The measured radiation pattern of fractal antenna is nearly omnidirectional in azimuth plane throughout the operating 
frequency. This antenna is useful for UBW communication system. 
 
Keywords: Monopole Antenna, Wideband Antenna, Resonant Frequency, Fractal Antennas, Multib, Antenna 

1. Introduction  

Ultra-wideband (UWB: 3.1-10.6 GHz) communication 
system has become more and more popular because of its 
advantages such as small size, high transmission rate, 
and low power consumption comparing with current 
wireless communication system [1]. Because of these 
advantages of an UWB system, significant research in 
the UWB antennas has been aroused in academic and 
industrial fields recently. However, over this allocated 
band, there are some existing narrow band services, such 
as IEEE 802.16 WiMAX system operating at GHz, and 
C-band satellite communication systems, which may 
cause electromagnetic interference to the UWB system. 
Thus, the UWB antenna with notched-band performance 
is required. The several UWB antennas with the notched 
frequency function have been reported [2-4], such as, 
attaching U-shaped slot, inverted U-slot, arc-shaped slot, 
C shaped slot, or small strip bar to the antenna. The 
UWB fractal antennas with notch have been reported for 
UWB applications [5-8]. In [5], Crown - Sierpinski mi-
crostrip antenna is proposed to reduce the size of a 
Crown square fractal. The frequency notched ultra-
wideband microstrip slot antenna with a fractal tuning 
stub is proposed to achieve frequency notched function 
[6-7]. Raj Kumar et al. [8-9] have proposed a new UWB 

fractal antenna by adopting the fractal concept on the 
CPW-fed circular UWB antenna. This work proposed the 
UWB fractal antenna band-notched characteristics with 
detail study. 

In this paper, a new circular fractal antenna with band-
notched is proposed for the UWB system applications. 
The notched band is easy to tune by changing the length 
and width of the slot. The antenna has advantages of 
compact size, low manufacturing cost, easy fabrication, 
low profile, and very small ground plane suitable for 
integration with compact UWB systems. The perform-
ance of the proposed antenna is characterized in term of 
impedance bandwidth, band-notched and radiation pat-
tern. 

2. Antenna Geometry and U-Shape Slot  

The iteration wise fractal antenna was constructed from 
simple conventional monopole antenna as shown in Fig-
ure 1. The solid circular monopole antenna has been 
designed on FR4 substrate εr = 4.3, h = 1.53 mm, with 
radius 9.1 mm. This is called the initiator or zeroth itera-
tion shown in Figure 1(a). The first iteration of fractal 
antenna has been constructed by inscribing the square 
patch of dimension 12.8 × 12.8 mm inside the circle and 
subtracted it from circle. This is called 1st iterative in-
scribed square circular fractal antenna as shown in Fig-
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ure 1(b). The 2nd iteration has been achieved by making 
the circle of diameter 12.8 mm and an inscribed square 
of dimension 9.05 × 9.05 mm has been subtracted from 
this inner one circle as shown in Figure 1(c). The 3rd 
iteration is constructed by making the metallic circle of 
9.05 mm diameter inside the square touching the metallic 
part of its and subtracting an inscribed square of dimen-
sion 6.4 × 6.4 mm as shown in Figure 1(d). In the fourth 
iteration, a circle of diameter 6.4 mm is made and an 
inscribed square of dimension 4.525 mm × 4.525 mm is 
subtracted as shown in Figure 1(e). This process can be 
repeated up to infinite iteration. Practically infinite itera-
tive structure is not possible because of fabrication con-
straints. The fourth iterative fractal antenna has been 
finalized to design on the same substrate dielectric con-
stant and thickness as conventional microstrip monopole 
antenna as shown in Figure 1. This antenna has been fed 
with the coplanar feed. The CPW-Fed and radiating ele-
ments both are printed on the top side of a low-cost FR-4 
substrate with dielectric constant εr = 4.3, h = 1.53 mm 
and loss tangent tan δ = 0.02. 

Figure 1 shows the geometry of the proposed fractal 
antenna. It is composed of inscribed square circular frac-
tal radiating elements, fed by a U-shape slotted CPW-
feed with a very small ground plane. There is no ground 
plane at the bottom of the substrate. It is known that 
CPW-feed is advantageous for less dispersion at higher 
frequency, broader matching, easy fabrication and inte-
gration with MIC/MMIC. The CPW-fed antenna not  
 

 

Figure 1. Inscribed square circular fractal antenna with va-
rious iteration. 

only performs better in respect of bandwidth and but 
radiation pattern is also good [8]. In coplanar feed, the 
feed of antenna and radiating elements are printed on the 
same side of the substrate. A slot is inserted of U-shape 
in 50 Ω feed line of coplanar waveguide to create the 
notched frequency band. The resonant frequency of the 
notched band is defined by the effective length of the slot 
and band-notched frequencies by width of the slot. It can 
be seen by changing the L and W, notched-band fre-
quencies can be controlled. The notched frequency 
bandwidth is controlled by varying the width of slot, 
while notched-band resonant frequency can be controlled 
by changing the length of slot. To validate the design the 
band-notched at frequency from 3.635 to 3.935 GHz, the 
slot length of 10 mm and width 0.4 mm have been taken 
which can be redesign according to the requirement. A 
parameter studies with respect to slot width and length 
have been done.  

3. Fractal Geometry for Compact Size and 
UWB  

A simple circular disc monopole antenna with slotted 
CPW-fed is shown in Figure 1(a). It is understood that 
current distribution of the proposed antenna is mainly 
along the circumference of the circular disc. The current 
density is low in the middle area of the solid circular disc 
monopole antenna as shown in Figure 2. Therefore, the 
current will not be affected if the middle area of the solid 
circular disc monopole antenna is removed. In this way, 
the effective path of the surface current will become 
longer. In this antenna, the effective length of current 
path is increased by inscribing square in solid circular 
disc. This resulted, the first resonance frequency will be 
decreased and the size of the antenna will be reduced.  

To achieve the UWB characteristic, the fractal struc-
ture can be added to increase the resonance frequency in  
 

 

Figure 2. Current distribution on the circular disc mono-
pole Antenna. 
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Figure 3. Proposed circular fractal antenna with slot dimension. 
 
high frequencies by adding resonance elements in solid 
circular disc antenna. In this paper, resonance elements 
have been added by inscribing square in various concen-
tric circles as shown in Figure 1. The proposed fractal 
antenna structure has been shown in Figure 3 with slot-
ted CPW-fed. The 50 Ω impedance is achieved by ad-
justing the width W = 3.2 mm of the inner conductor and 
the gap between the ground plane and feed width is g = 
0.5 mm. To achieve the UWB characteristic, the gap 
between patch and ground has been optimized to h = 0.4 
mm. The length of ground plane GL = 18 mm and width 
of the ground plane 20.4 mm have been optimized. 

4. Simulated Results  

It is noticed in simulation that the operating bandwidth of 
the proposed antenna is heavily dependent on the gap 
between patch and ground, iteration number and 
notched-band depends on length of slot and width of slot. 
The UWB characteristic depends upon the parameters 
gap between patch and ground, and iteration number. But 
notched-band characteristic depends upon the length and 
witch of the slot. First the parameters for maximum 
bandwidth have been optimized with fixed slot dimen-
sion. The antenna has been simulated for each iteration. 
The simulated result of each iteration is shown in Figure 
4.  

It is clear from the Figure 4, as the iteration increase 
the first resonant frequency shifted towards lower fre-
quency side. This shift indicates the size reduction of the 
antenna. It is also found that as the number of iteration 
increases, the lower-edge of the impedance bandwidth is  

 

Figure 4. Simulated result of fourth iterative fractal anten-
na with respect to various iteration. 

 

 
Figure 5. Simulated result of fourth iterative fractal an-
tenna for various value of gap between patch and ground. 
 
moved to the low frequency and the level of the imped-
ance matching over the operating frequency band is im-
proved. The fourth iterative fractal antenna gives the 
impedance matching in UWB characteristic.  

From Figure 2, it can be seen that current is mainly 
distributed on the upper edge of ground plane and along 
the edge of antenna disc, which explains why the per-
formance of the antenna is critically dependent on the 
gap h between ground and patch. The parameter h is very 
critical parameter for proper coupling from feed line to 
patch which effect the UWB characteristic. The proposed 
fractal monopole antenna has been simulated for various 
values of gap. The simulated results have been shown in 
Figure 5. It has been observed from graph that gap (h) 
between ground and patch effects the lower end fre-
quency and bandwidth. The fourth iterative proposed 
fractal antenna has been fabricated with gap h = 0.4 mm, 
50 Ω feed with W = 3.2 mm and g = 0.5 mm. 

5. Notched-Band Characteristic 

The effect of these design parameters on UWB charac-
teristics and band-notched characteristics are because of 
current distribution over radiating elements, ground 
plane, feed line and U-type slot. Figure 6 shows the cur-
rent distributions at 3.2 GHz and 3.8 GHz frequency for  



On the Design of Circular Fractal Antenna with U-Shape Slot in CPW-Feed 

Copyright © 2010 SciRes.                                                                                                                                                                   WET 

84 

 
                  3.2 GHz                                            3.8 GHz 

                          (a)                                                     (b) 

Figure 6. Current distribution over slot at notched and 
without notched frequency. 
 
the optimal design parameters. In Figure 6(a), where the 
antenna operates at pass band frequencies 3.2 GHz, there 
is more current distributions near the feeding point (i.e., 
slot does not resonate and has little effect). At notch fre-
quency, 3.8 GHz, as shown in Figure 6(b), current is 
concentrated around the edge of the slot while there is 
almost no current at the feeding point. 

It reveals that the currents mainly concentrate around 
the slots at the notched frequency, which indicates the 
width/length/position of slots can actually play signifi-
cant roles in the performance of the band-notched char-
acteristics of proposed antenna. This leads to the desired 
high attenuation and impedance mismatching around the 
notch frequency. This demonstrates the notch-band func-
tion of the antenna and therefore elimination of interfer-
ing signals within the UWB spectrum.  

As it can be seen the proposed antenna provides UWB 
characteristics with band-notched frequencies. The band-
notched frequency happens at 3.635 to 3.935 GHz for 
filtering the interfering signal. It can be seen by changing 
the length (L) and Width (W), resonant frequency and 
band-notched can be tuned. The resonant frequency of 
the notched-band depends on the length of the slot and 
notched bandwidth depends upon width of the slot. It is 
clear as length of slot increases, the band-notched reso-
nant frequency shifts to the lower side. As the length of 
slot increases from 3 mm to 13 mm, the resonant fre-
quency of band-notched shifts to lower frequency side is 
shown in Figure 7.  

The width of band-notched can be tuned by varying 
the slot width. As the slot width increases from 0.2 mm 
to 0.8 mm, the notched bandwidth increases as shown in 
Figure 8. It is observed from the simulated result as the 
slot width (for fix length)  increase from 0.2 mm to 0.8 
mm the notched bandwidth increases more the double 
with the better notched characteristic. To validate the 
design, the prototype fractal antenna has been fabricated  

 

Figure 7. Simulated result of fourth iterative fractal an-
tenna notch for various length of slot. 
 

 

Figure 8. Simulated result of fourth iterative fractal an-
tenna notch for various width of slot. 
 
with slot length of 10 mm and width 0.4 mm. 

6. Experimental Results 

The proposed fractal antenna with U-type slot has been 
fabricated with optimized dimension 9.1 mm radius on 
substrate εr = 4.3, thickness 1.53 mm, GL = 18 mm, GW 
= 20.4 mm h = 0.4 mm, g = 0.5 mm, slot width = 0.4 mm 
and slot length 11 mm. The photograph of the proposed 
fractal antenna is shown in Figure 9. The simulated re-
sults of proposed fractal antenna with and without slot 
are shown in Figure 10. The antennas have been tested 
using vector network analyzer R&S ZVA 40. The ex-
perimental results of proposed fractal antenna without 
slot acquired from the Vector Network Analyzer exhibits 
the excellent ultra wide impedance bandwidth of 11.99 
GHz (from 3.01 GHz to 15 GHz) corresponds to 
132.49% impedance bandwidth for VSWR 2:1. The mea-
sured return loss versus frequency of this fractal antenna 
has been shown in Figure 11.  
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Figure 9. Photograph of the proposed antenna. 
 

 

Figure 10. Simulated result with and without U-type slot. 
 

The experimental result of circular fractal antenna 
with slot exhibits the UWB characteristic from 3.01 to 15 
GHz except band-notched frequencies from 3.635 to 
3.935 GHz. The return loss and VSWR versus frequency 
of this fractal antenna with band-notched have been 
shown in Figure 12 and Figure 13 respectively. It is 
observed that return loss is better at higher frequency in 
comparison to the return loss without notched-band. It is 
observed that simulated and measured results are slightly 
varies. This may be due to the tolerance in manufactur-
ing, uncertainty of the thickness and/or the dielectric 
constant and lower quality of SMA connector (VSWR = 
1.3). The differences between simulated and experimen-
tal value may also be caused by the soldering effects of 
an SMA connector, which have been neglected in our 
simulations. 

7. Experimental Radiation Patterns 

Radiation characteristics of the circular fractal antenna at 
operating frequency within the impedance bandwidth 
have also been studied. The measured radiation pattern in 
azimuth plane (H-plane) have been calculated at selec-
tive frequencies 4.2 GHz, 5.1 GHz, 6.0 GHz, 6.0 GHz 
and 7.2 GHz as shown in Figure 14. The radiation pat-
tern in E-plane has also been measured at various selec-
tive frequencies 4.11 GHz, 5,025 GHz, 6.0 GHz and 7.05 
GHz as shown in Figure 15. The H-plane radiation  

 

Figure 11. Experimental results proposed fractal antenna 
without U-type slot. 

 

 

Figure 12. Experimental return loss versus frequency of 
fractal antenna with U-type slot. 

 

 

Figure 13. Experimental VSWR of circular fractal antenna 
with U-type slot. 
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patterns are almost omnidirectional, and the E-plane ra-
diation patterns are like monopole radiation. It can be 
seen that the patterns of the proposed antenna are stable 
over the operating frequency range. 

The proposed antenna gain in operating band meets 
the requirement for FCC defined UWB frequency band 
from 3.1 GHz to 10.6 GHz. It has been observed cross to 
copolarization ratio reduces at higher frequency. It has 
been observed that antenna gain is less than 5dBi in fre-
quency range 3.1 GHz to 10.6 GHz. The gain drops sig-
nificantly around −4.01 dBi at the band-notched resonant 
frequency as shown in Table 1. Such type of antenna is 
very useful for UWB communication system. 

 

 

Figure 14. H-Plane Radiation Pattern of  proposed fractal 
antenna at frequencies 4.2, 5.1, 6.0 and 7.2 GHz. 
 

 

Figure 15. E-Plane Radiation Pattern of proposed fractal 
antenna at frequencies 4.11, 5.025, 6.0 and 7.05 GHz. 

Table 1. Frequency versus gain (dBi). 

Frequency (GHz)  Gain (dBi) 

3.1 1.02 

3.8 −4.01 

4.0 1.75 

8.078 3.78 

 

8. Conclusions 

In this paper, a new CPW-Fed circular fractal antenna 
has been proposed with band-notched frequencies. 
Notched band is achieved to minimize the potential inter-
ference from external signals by introducing an U-shaped 
slot in 50 Ω feed line. The proposed monopole antenna 
has a wide operating frequency band of 3.01 GHz to over 
15 GHz (VSWR < 2). It is observed that the radiation 
patterns of antenna in H-plane is omni-directional and E-
plane is dipole-like radiation pattern over the entire oper-
ating bandwidth The proposed fractal antenna design is 
compact, low profile, and offers very large impedance 
bandwidth required for next generation UWB system. 
The use of coplanar ground plane makes the design con-
formal and more suitable for the miniaturized applica-
tions. Parametric studies are also presented to show the 
effects of different parameters on the antenna design. 
The measurement results have shown a good agreement 
with the simulation ones. Such type of antenna can be 
useful for UWB system as well as suitable for various 
military and commercial wideband applications. 
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ABSTRACT 

We address the problem of interference as related to Satellite Personal Communication Networks (S-PCNs). Basic low 
Earth orbit (LEO) constellation is considered. The paper uses combined adaptive antenna arrays and adaptive filtering 
technique. This hybrid linear adaptive technique provides improved performance eliminating interference, particularly 
uncorrelated signals residing in the antenna sidelobes. 
 
Keywords: S-PCN, LEO, Adaptive Array Antennas, Adaptive Filtering, Interference Elimination 

1. Introduction 

A Satellite personal communication network (S-PCN) 
provides universal access to a wide range of services and 
across transnational boundaries. It faces multitude of 
challenges particularly those related to user terminals, 
the space segment, regulatory challenges, [1], as well as 
technical issues including link diversity, traffic allocation 
[2], quality of desired service (QoS) and the associated 
grade of service (GoS) [3], etc. The interference en-
croachment into the signals received by systems termi-
nals impacts on the QoS and GoS as well, and impor-
tantly the network congruous scope to deal with the mo-
tion of the satellite as well as that of the mobile user [4]. 
Most mobile stations’ transceivers signals are ideally 
circularly polarized and isotropic in nature, with a single 
low gain antenna element. However, these single element 
units are particularly more susceptible to noise interfer-
ence because they receive signals from all directions. 
Mounting adaptive antenna arrays on the mobile unit is 
an approach suitable to combating interference problem 
as communication satellite traverses the sky, which this 
study attempts to investigate. Of particular concern is the 
interference on voice channels causing crosstalk; e.g. 
where the subscriber hears interference in the back-
ground. Figure 1 demonstrates an S-PCN user affected 
by random, multidimensional interferences. 

2. Array Geometry 

An adaptive array antenna unit is designed, as in Figure 2, 
bringing all the signals received by the various elements 
from a particular source into phase for further processing, 
as well as achieving some desired performance, such as 
maximizing the received signal-to-noise ratio (SNR). 
Drawing from [5] and [6], we analyse the antenna array 
assuming that 1) there is a direct path for the signal from 
the satellite and interfering signal is uncorrelated with 
the desired signal, 2) all the array elements are placed 
closely enough such that there is no significant amplitude 
 

Interferer 2

User

Interferer 1

Interferer 3
Interferer 4

Satellite

 

Figure 1. PCN mobile user affected by interference. 
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Figure 2. An adaptive antenna and adaptive filter for S- 
PCN mobile terminal. 
 
variation due to the difference in propagation path length 
for any two elements, and 3) there is no significant dif-
ference in - the direction-of-arrival (DOA) - of a par-
ticular plane wave at any two elements.  

For N elements array of identical characteristics, the 
first pulse is taken as the phase centre, f(). The second 
pulse is advanced by τ and denoted by f(t-τ), the third 
pulse is advanced by 2τ and denoted by f(t-2τ), and so on. 
For convenience, five elements are used, so  
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where 10 ,aa … 5a  are the weights/gains of each element 
of the array. In adaptive antenna array, the weights/gains 
of each element are taken to be the same (i.e., 0a   

1 4...a a  ), conforming to practical situation, and the 
elements to be equally spaced. Had the weights variable, 
there is possibility they may modulate the desired signal. 
Now, if the first pulse is Fourier transformed and is rep-
resented by ( )f  , then 
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By multiplying (2) by je   and then subtracting the 
resulting expression from (1), and rearranging ensuing 
expression and using known geometric series expansion 
we have 
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Typical S-PCN frequencies of 1.376 and 1.80 GHz 
[6,7] are used to examine the antenna array’s behaviour 
using (3). Resulting graphs are shown in Figure 3. The 
sidelobes performance has an important impact on inter- 

 

Figure 3. Antenna array’s response at typical S-PCN fre-
quencies. 
 
ference received from adjacent satellites (and ground 
based signals operating on same bands), as well as in de- 
termining antenna noise temperature. To successfully 
eliminate, or reduce significantly, the effect of external 
interference, the sidelobes have to be attenuated, if not 
removed. The sidelobes are cancelled or removed in this 
paper by the adaptive array process.  

3. Processing Unit: Modelling Interference 
with Adaptive Filter 

Our approach models the effect of interferers on the 
S-PCN systems using interferences as recursive random 
processes, )(tNi  with the array antenna. The input to 
the processor in Figure 2 is the inverse Fourier 

 )(1 f
  of the array output, which now becomes X(t) 

to the summer. The effect of noise from each antenna 
element is factored in at the output; that is, for n ele-
ments with equal average signal-to-noise (SNR), the av-
erage SNR of the array combiner is )(log10 10 n , which is 
higher in dB than the average SNR of any one of the 
elements [8].  

Following Figure 2, the recursive-filtering algorithm 
can be represented as a linear, discrete-time (t) model of 
the form: 

)(ˆ)()()(ˆ tWtNtXtU   (4) 

)(ˆ)( tUAtY    (5) 

where )(tA  is the system parameter;  tŴ  is optimum 
adaptive but weighted filter and )(tN  is additive, un-
correlated system interference, assumed white, zero- 
mean Gaussian and stochastic; and Y(t) filter (or meas-
urement) output. The optimum interference  tŴ  is 
defined as 

  )()(ˆ
0

itNttW
k

i
thi 



              (6) 

where Nth is the acceptable interference threshold, and k 
is the filter order. The proceeding coefficient of the filter  
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Figure 4. Simulated received response of mobile terminal at 
typical S-PCN frequencies. 
 
can be estimated from the present coefficient and other 
thresholds: 

    )()(21 itNtXtt thii            (7) 

where  is the convergence constant.  
The adaptive filter adapts the filter coefficients to achi- 

eve desired signal ensuring convergence; that is, mini-
mizing error  t  at each time index: 

  )(ˆ)( tUAtYt                (8) 

Ensuring fast convergence a local minimum is sought 
leading to establishing threshold value; i.e.,  

      th
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j
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where th  local minimum threshold. The adaptation 
gain )(mg  is introduced for coefficient updating recur-
sion for the period of the signal measurement: 


 


m

i iNiX

iU
mg

0 )()(

)(ˆ
)(              (10) 

where m is the period which the mobile terminal engages 
the network. 

As shown in Figure 4, application of adaptive filter in 
conjunction with the antenna array processing shows 
encouraging responses in terms of interference reduction. 

The implication of our method is that the variation of 
the filter’s weights, as a result of movement of the mo-
bile users, may affect the effectiveness of the system as 
the satellites move from orbit to another; low earth orbit 
(LEO) through to geostationary orbit (GEO), for exam-
ple [9]. However, a mobile user of any of the systems 
might experience the same problem since the environ-
ment is changing too rapidly for the weights to converge. 
This is an area that is being investigated. Also, the rela-
tive motion between the user and the satellite reference 

may be another source of error resulting in Doppler shift. 
Recent work of [10] suggests that using frequency lock 
loop could compensate for this error. Whilst our tech-
nique has utilised uniform weight for the antenna array, 
this should not a problem if variable weights were to be 
utilised [11]. Moreover, since some of the satellite con-
stellations utilize code division multiple access (CDMA) 
as the multiple access technique, pseudorandom noise 
codes can also be utilized to monitor the adaptive array 
weights. 

4. Conclusions 

We have presented an antenna-array plus adaptive filter-
ing model as a way of eliminating the effect of interfer-
ence in satellite personal communication systems. This 
technique has shown that it can eliminate an uncorrelated 
signals residing in the antenna sidelobes successfully. 
This technique is easily adaptable to S-PCN in LEO op-
erational environment as a result of shorter time required 
by LEO satellites to move across the sky.  
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ABSTRACT 

Rain attenuation values were calculated using empirical raindrop-size distributions, which were, Marshall-Palmer 
(M-P), Best, Polyakova-Shifrin (P-S) and Weibull raindrop-size distributions, and also calculated using a specific rain 
attenuation model for prediction methods recommended by ITU-R. Measurements of Terahertz wave taken at 313 GHz 
(0.96 mm) were compared with our calculations. Results showed that the propagation experiment was in very good 
agreement with a calculation from the specific attenuation model for use in prediction methods by ITU-R. 
 
Keywords: Rain Attenuation, Raindrop-Size Distribution, Terahertz Waves, P-S Distribution, Weibull Distribution, ITU-R 

1. Introduction 

Recent advances in electronic and electro-optical Tera-
hertz devices, and improvements in system technology, 
have stimulated in imaging and sensing applications in 
the security and non-destructive testing field [1]. 

Rain attenuation is one of important obstacle to over-
come for imaging and sensing system to detect the haz-
ardous things using Terahertz waves above 300 GHz be-
cause of its masking action. Raindrop-size distribution 
has been found to play an important role in monitoring 
rainfall and in predicting the rain attenuation. The rain 
attenuation is particularly severe and greatly dependent 
on various models of raindrop-size distribution in a Mil-
limeter and Terahertz wave system. 

2. Raindrop-Size Distribution 

Many raindrop-size distributions have been proposed. 
Marshall and Palmer [2] proposed the following well- 
known empirical expression by fitting their data and the 
Laws and Parsons data. Their data was taken in Ottawa, 
Canada in 1946 using the filter paper method. The fit of 
this distribution to the experimental points was not very 
good for drops less than D = 1 mm. 
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where D  is the diameter in mm, and R  is the precipi-
tation rate in mm/hr. 

Best [3] proposed a drop-size distribution model after 
analyzing a large amount of experimental data in 1950. 
This is written as 
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          (2) 

Litovinov proposed a model [4] in 1957 and [5] in 
1958 due to Polyakva and Shifrin (P-S) using the Russian 
data for all three types of rain. This model was also de-
scribed by Krasyuk, Rozenberg and Chistyakov [6] in 
1968 and by University of Tennessee [7] in 1975. It is 
one case of Gamma distribution proposed by Atlas and 
Ulbrich [8] in 1984: 

2
0( ) DN D N D e

                  (3) 

0N  and   vary based on the rain types of thawing: 
 

Type of Rain N0 m
-3 mm-1 Λ mm-1 

Thawing of Pellets (Hail) 64500 R-0.5 6.95 R-0.27

Thawing of Granular Snow (Sleet) 11750 R-0.29 4.87 R-0.2

Thawing of Non Granular Snow (Snow) 2820 R-0.18 4.01 R-0.19

 
Sekine and Lind [9] proposed a Weibull distribution in 

1982 by using the FOA data (from the National Defence 
Research Institute) in Sweden: 
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This distribution is retained for microwave applica-
tions for drizzle, widespread rain, and shower rain cases 
[10-22]. 

3. Rain Attenuation 

3.1. Calculations 

Rain attenuation was calculated by using three types of 
raindrop-size distributions and a specific attenuation 
model for use in prediction method recommended by 
ITU-R. 

For calculations using by raindrop-size distributions, 
rain specific attenuation A  in dB/km is calculated by 
integrating all of the drop sizes as  

4.343 ( , , ) ( )A Q D m N D dD           (5) 

where Q  is the attenuation cross section that is a func-
tion of the drop diameter D , the wavelength of the radio 
wave  , and the complex refractive index of the water 
drop m , which is a function of the frequency and the 
temperature, and )(DN  is the drop-size distribution. 
The attenuation cross section Q  is found by applying 
the classical scattering theory of Mie for a plane wave 
radiation to an absorbing sphere particle. According to 
Hulst [23], the cross section Q  is expanded as  

 
2
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Re( , , ) (2 1)
2 n n
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Q D m n a b







          (6) 

where na and nb are the Mie scattering coefficients, 
which are complex functions of m , D , and  . The 
complex refractive index of liquid water m  was taken 
from [24]. The “Mie scattering coefficients” na  and nb  
in Equation (6) represent a contribution to the scattered 
field from the multi poles induced in the sphere, such as 
raindrops [23]. 

For calculation by using the recommended prediction 
methods by ITU-R [24], rain specific attenuation R dB/ 
km is obtained from the rain rate R mm/hr using the 
power-law relationship: 

 

R kR                    (7) 

Values for the constants for the coefficients k  and 
  are determined as functions of frequency, f  GHz, 
in the range from 1 to 1000 GHz, from the equations 
which have been developed from curve-fitting to 
power-law coefficients derived from scattering calcula-
tions. It is shown in ITU-R P.838-3 [25]. 

3.2. Experiments and Computations 

Figure 1 shows the results of 313 GHz under a rain fall 
rate of up to 12 mm/hr. This rain attenuation experiment 
was carried out by Babkin et al. [26] in the central part of 
the European part of the former Soviet Union during June 
and July 1969. The transmitter and receiver were spaced 
1 km apart for the measurement. 

For the calculations, rain drop-size distributions were 
used for M-P, Best, P-S and Weibull which were de-
scribed in Equations (1), (2), (3) and (4) respectively, and 
specific attenuation model recommended by ITU-R was 
used for ITU-R which was described in Equation (7). 
M-P stands for Marshall and Palmer, P-S stands for 
Polyakva and Shifrin. Best, Weibull and ITU-R used the 
same name. 

An experimental fit curve (shown by the broken line) 
derived from the raw data with triangular dots was de-
scribed as A = 1.53 R0.638 [26]. 

The experimental data obtained from the rain attenua-
tion was shown in Figure 1. It was compared with the 
calculations of rain attenuations. The departure of the 
empirical data and the calculated rain attenuations were 
estimated by calculating the root mean square error 
(rmse).  
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Figure 1. Comparison between calculations and measure-
ments at 313 GHz. 

Table 1. Values of rmse for various raindrop attenuations. 

Calculations TTU-T Weibull M-P Best P-S hail P-S sleet P-S snow 

rmse 0.21 0.27 1.94 0.72 0.59 1.45 2.50 
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These were shown in Table 1. Result showed that the 
calculation from Weibull and ITU-R were very good 
agreement with the experimental data. And the best fit 
was the calculation from ITU-R with the smallest rmse. 

4. Conclusions 

Rain attenuation at 313 GHz was calculated by using four 
raindrop-size distributions and using ITU-R specific at-
tenuation model. Calculated results were compared with 
propagation experiments under a rainfall intensity up to 
12 mm/hr. Results showed that the propagation experi-
ment was in very good agreement with the calculation 
from the specific attenuation model for use in prediction 
method by ITU-R provided the best fit for the experi-
mental data. Finally, there is greater interest in the rain 
attenuation at Terahertz waves. An experiment on rain 
attenuation above 300 GHz at different rainfall rates with 
various raindrop-size distributions is desirable, especially 
at a higher rainfall intensity that may cause fatal damage 
to Terahertz applications. 
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