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Chapter 1 
 



Chapter 1 Introduction 
 

Wireless communication systems have advanced significantly from the 

simple components. Guglielmo Marconi used to transmit radio signals across the 

Atlantic Ocean at the turn of the 20th century. Today, mobile and satellite 

communications permeate all aspects of our lives. The number of mobile and 

cellular phones has skyrocketed in recent years while satellite communication 

traffics including international telephone calls and DBS-TV (direct broadcast satellite 

television) has also increased substantially. 

Commercial cellular and PCS mobile communications [1] currently occupy 

the 800 MHz-2 GHz spectral region. Military and commercial satellite 

communications [2] including voice, data, and DBS-TV operate at higher 

frequencies ranging from 4-30 GHz, and are moving up higher to 60 GHz and 

beyond in order to facilitate higher data rates and a wider range of services. While 

the initial technological achievements in both mobile and satellite communications 

were geared to provide reliable service with wide functionality, there is a current 

focus on lowering the cost of service while maintaining superior quality. One of the 

main approaches to reducing system and operating costs is the conservation of 

system power resources and minimization of power wasted as heat. Of the 

approximately 250W of power produced by the solar-cell arrays on a typical satellite, 

more than 125W is dissipated as heat due to inefficient operation of the transmitter 

power amplifiers [2]. 
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1.1 Reducing Costs by Conserving Power 
The power amplifiers (PAs) in a wireless transmitter amplify the signal to high 

power levels before delivering it to the antenna for transmission. The transmit power 

should be high enough that the signal received at the destination is clear and within 

the error-tolerances of the receiver. For example, the power amplifier in a 

communications satellite has an output power level on the order of 40 W. To deliver 

this amount of power to the antenna, the PA consumes on average about 75% of 

the total available power [2]. If the PA operates at about 30% efficiency [2], then 

70% of 75% of the total power is converted to heat. In other words, 52.5% of the 

total system power is dissipated as heat in the power amplifier. During an eclipse, 

the satellite is powered by onboard batteries whose lifetime is limited by the 

unnecessary waste of power by conversion to heat. Battery lifetime is also of 

concern to the cellular phone user whose talk-time is cut short due to inefficient use 

of battery power. By using more efficient PAs in these transmitters, satellite solar-

cell arrays may possibly be made smaller while batteries will last longer, 

lengthening the satellite lifetime as well. Cellular phone usage will be cheaper since 

batteries will last longer, while cellular base-stations can reduce costs by drawing 

less electricity. 

The heat generated due to inefficient power usage in the power amplifiers 

not only wastes valuable solar-cell or battery power, but also causes thermal 

degradation of electronic devices and necessitates bulky heat-sinking measures to 

cool the transmitter. In addition to the cost-cutting benefits of increased power 
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amplifier efficiency, reduced heat dissipation eases the heat-sinking requirements of 

the system. This is very important in satellite communications where thermal waste 

management is a challenge due to the harsh environment of space where the 

temperature varies from approximately 4K to hundreds of Kelvin when exposed to 

direct sunlight. Less heat-sinking also means less size and weight of the system, 

which directly translates to further cost savings in the satellite launching process. 

Some of the approaches being taken to improve the power-efficiency of transmitters 

include the use of high-efficiency power amplifiers [3], the formulation of power-

efficient modulation techniques [4], and real-time power control of the power 

amplifiers [5].  

1.2 CHAPTER ORGANIZATION 
This dissertation contains seven chapters. The chapter-1 gives an 

introduction to the work carried out during this research and the organization of the 

thesis. The Microstrip antenna is reviewed in Chapter-2, starting with its concepts, 

and progressing gradually to size reduction techniques passing through rectangular 

Microstrip antenna and bandwidth enhancement.  

The third chapter describes the progress from passive to active integrated 

Microstrip antenna. It embodies the following topics: Integrated antenna, diode 

integrated active antenna, transistor integrated active antenna, classification of 

active integrated antenna like oscillator type, amplifier type, frequency conversion 

type and other types. 
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Chapter 4 deals with the emerging trend in amplifier type integrated active 

antenna and describes the design of the push pull amplifying antenna using diode 

amplifiers in the first stage in place of the power splitter. Chapter 5 describes 

compares the push-pull and balanced amplifiers, and then proceeds to use the 

balanced amplifier as the amplifying unit in the AIA. Chapter 6 applies this concept 

to circularly polarized antenna. The last chapter summarizes the investigations and 

then suggest scopes for future research work in this area. 

1.3 CONCLUSION 
Following the brief discussion on the future communication systems and 

outline of our effort in adding an incremental increase to the existing knowledge in 

the above paragraphs, we move on to a brief introductory review of rectangular 

microstrip antenna in the Chapter 2 that follows this chapter. 
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Chapter 2 RECTANGULAR PATCH ANTENNA  
  

2.1 INTRODUCTION  
Microstrip antennas are one of the most widely used types of antennas in 

the microwave frequency range, and they are often used in the millimetre-wave 

frequency range as well [1, 2, 3]. (Below approximately 1 GHz, the size of a 

microstrip antenna is usually too large to be practical, and other types of 

antennas such as wire antennas dominate). Also called patch antennas, 

microstrip patch antennas consist of a metallic patch of metal that is on top of a 

grounded dielectric substrate of thickness h, with relative permittivity and 

permeability εr and μr as shown in Figure 2.1 (usually μr = 1). The metallic patch 

may be of various shapes, with rectangular and circular being the most common, 

as shown in Figure 2.1. 

 
(a)Microstrip Patch Antenna 
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Y

W 

L 
 
 

(b) Rectangular Patch Antenna 
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Y
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(C) Circular Patch Antenna 

Fig. 2.1/ Rectangular & Circular Patch Antenna 

Most of the discussion in this section will be limited to the rectangular 

patch, although the basic principles are the same for the circular patch. (Many of 

the CAD formulas presented will apply approximately for the circular patch if the 

circular patch is modelled as a square patch of the same area.) Various methods 

may be used to feed the patch, as discussed below. 

One advantage of the microstrip antenna is that it is usually low profile, in 

the sense that the substrate is fairly thin. If the substrate is thin enough, the 

antenna actually becomes “conformal,” meaning that the substrate can be bent 

to conform to a curved surface (e.g., a cylindrical structure). A typical substrate 

thickness is about 0.02 λ0 . The metallic patch is usually fabricated by a 

photolithographic etching process or a mechanical milling process, making the 

construction relatively easy and inexpensive (the cost is mainly that of the 

substrate material). Other advantages include the fact that the microstrip 

antenna is usually lightweight (for thin substrates) and durable. 
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Disadvantages of the microstrip antenna include the fact that it is usually 

narrowband, with bandwidths of a few percent being typical. Some methods for 

enhancing bandwidth are discussed later, however. Also, the radiation efficiency 

of the patch antenna tends to be lower than some other types of antennas, with 

efficiencies between 70% and 90% being typical. 

2.2 BASIC PRINCIPLES OF OPERATION   
The metallic patch essentially creates a resonant cavity, where the patch 

is the top of the cavity, the ground plane is the bottom of the cavity, and the 

edges of the patch form the sides of the cavity. The edges of the patch act 

approximately as an open-circuit boundary condition. Hence, the patch acts 

approximately as a cavity with perfect electric conductor on the top and bottom 

surfaces, and a perfect “magnetic conductor” on the sides. This point of view is 

very useful in analyzing the patch antenna, as well as in understanding its 

behaviour. Inside the patch cavity the electric field is essentially z directed and 

independent of the z coordinate. Hence, the patch cavity modes are described 

by a double index (m, n). For the (m, n) cavity mode of the rectangular patch in 

Figure 1b, the electric field has the form 

⎟
⎠
⎞

⎜
⎝
⎛

⎟
⎠
⎞

⎜
⎝
⎛=

W
yn

L
xmAyxE mnz

ππ coscos),(      (2.1) 

Where L is the patch length and W is the patch width. The patch is usually 

operated in the (1, 0) mode, so that L is the resonant dimension, and the field is 

essentially constant in the y direction. The surface current on the bottom of the 

metal patch is then x directed, and is given by 

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=

r
sx j

LAxJ
μωμ

π

0
10

/)(       (2.2) 
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For this mode the patch may be regarded as a wide microstrip line of width W, 

having a resonant length L that is approximately one-half wavelength in the 

dielectric. The current is maximum at the centre of the patch, x = L/2, while the 

electric field is maximum at the two “radiating” edges, x = 0 and x = L. The width 

W is usually chosen to be larger than the length (W = 1.5 L is typical) to maximize 

the bandwidth, since the bandwidth is proportional to the width. (The width 

should be kept less than twice the length, however, to avoid excitation of the 

(0,2) mode.) 

At first glance, it might appear that the microstrip antenna will not be an 

effective radiator when the substrate is electrically thin, since the patch current in 

(2) will be effectively shorted by the close proximity to the ground plane. If the 

modal amplitude A10 were constant, the strength of the radiated field would in 

fact be proportional to h. However, the Q of the cavity increases as h decreases 

(the radiation Q is inversely proportional to h). Hence, the amplitude A10 of the 

modal field at resonance is inversely proportional to h. Hence, the strength of the 

radiated field from a resonant patch is essentially independent of h, if losses are 

ignored. The resonant input resistance will likewise be nearly independent of h. 

This explains why a patch antenna can be an effective radiator even for very thin 

substrates, although the bandwidth will be small. 

  

2.3 FEEDING TECHNIQUES  
The Microstrip antenna may be fed in various ways. Perhaps the most 

common is the direct probe feed, shown in Figure 2.2a for a rectangular patch, 

where the centre conductor of a coaxial feed line penetrates the substrate to 
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make direct contact with the patch. For linear polarization, the patch is usually 

fed along the centreline, y = W /2. The feed point location at x = xf controls the 

resonant input resistance. The input resistance is highest when the patch is fed 

at the edge, and smallest (essentially zero) when the patch is fed at the centre (x 

= L /2). Another common feeding method, preferred for planar fabrication, is the 

direct-contact microstrip feed line, shown in Figure 2.2b. An inset notch is used 

to control the resonant input resistance at the contact point. The input 

impedance seen by the microstrip line is approximately the same as that seen by 

a probe at the contact point, provided the notch does not disturb the modal field 

significantly. 

     
     

 
(a) Probe Feed 

 
 

(b) Microstrip Feed 
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(C) Aperture Coupled Feed 

 
 

2.2 (abc) Top View 
 
   

  
(d) Electromagnetic Coupling 

 
2.2(d) 

 
Fig.2.2/ Feed Mechanism 

 
An alternative type of feed is the aperture-coupled feed shown in Figure 

2.2c. In this scheme, a microstrip line on a back substrate excites a slot in the 
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ground plane, which then excites the patch cavity. This scheme has the 

advantage of isolating the feeding network from the radiating patch element. It 

also overcomes the limitation on substrate thickness imposed by the feed 

inductance of a coaxial probe, so that thicker substrates and hence higher 

bandwidths can be obtained. Using this feeding technique together with a foam 

substrate, it is possible to achieve bandwidths greater than 25% [4]. 

Another alternative, which has some of the advantages of the aperture-

coupled feed, is the “electromagnetically-coupled” or “proximity” feed, shown in 

Figure 2.2d. In this arrangement the microstrip line is on the same side of the 

ground plane as the patch, but does not make direct contact. The microstrip line 

feeds the patch via electromagnetic (largely capacitive) coupling. With this 

scheme it is possible to keep the feed line closer to the ground plane compared 

with the direct feed, in order to minimize feed line radiation. However, the 

fabrication is more difficult, requiring two substrate layers. Another variation of 

this technique is to have the microstrip line on the same layer as the patch, with 

a capacitive gap between the line and the patch edge. This allows for an input 

match to be achieved without the use of a notch. 

2.4 RESONANCE FREQUENCY  
The resonance frequency for the (1, 0) mode is given by 

reL
cf

ε20 =          (2.3) 

Where c is the speed of light in vacuum. To account for the fringing of the cavity 

fields at the edges of the patch, the length, the effective length Le is chosen as 

LLLe Δ+= 2          (2.4) 
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The Hammerstad formula for the fringing extension is [1] 

( )

( )

0.3 0.264
0.412

0.258 0.8

eff

eff

W
L h

Wh
h

ε

ε

⎛ ⎞⎛ ⎞+ +⎜ ⎟⎜ ⎟Δ ⎝⎜=
⎛ ⎞⎜ ⎟− +⎜ ⎟⎜ ⎟⎝ ⎠⎝ ⎠

⎠ ⎟     (2.5) 

Where 

1/ 21 1 121
2 2

r r
eff

h
W

ε εε
−+ − ⎛ ⎞= + +⎜ ⎟

⎝ ⎠
     (2.6) 

2.5 RADIATION PATTERNS  
The radiation field of the microstrip antenna may be determined using 

either an “electric current model” or a “magnetic current model”. In the electric 

current model, the current in (2) is used directly to find the far-field radiation 

pattern. Figure 2.3a shows the electric current for the (1, 0) patch mode. If the 

substrate is neglected (replaced by air) for the calculation of the radiation pattern, 

the pattern may be found directly from image theory. If the substrate is 

accounted for, and is assumed infinite, the reciprocity method may be used to 

determine the far-field pattern [5]. 

 

(a) Electric Current for (1,0) patch 

 12



 

(b) Magnetic Current for (1,0) patch 

Fig. 2.3 / Electric & Magnetic Current Distribution 

In the magnetic current model, the equivalence principle is used to 

replace the patch by a magnetic surface current that flows on the perimeter of 

the patch. The magnetic surface current is given by 

EnM s

rr
×−= ˆ         (2.7) 

Where E is the electric field of the cavity mode at the edge of the patch and n is 

the outward pointing unit-normal vector at the patch boundary. Figure 3b shows 

the magnetic current for the (1, 0) patch mode. The far-field pattern may once 

again be determined by image theory or reciprocity, depending on whether the 

substrate is neglected or not [4]. The dominant part of the radiation field comes 

from the “radiating edges” at x = 0 and x = L. The two non-radiating edges do not 

affect the pattern in the principle planes (the E plane at φ = 0 and the H plane at 

φ = π/2), and have a small effect for other planes. 

It can be shown that the electric and magnetic current models yield 

exactly the same result for the far-field pattern, provided the pattern of each 

current is calculated in the presence of the substrate at the resonant frequency 

of the patch cavity mode [5]. If the substrate is neglected, the agreement is only 

approximate, with the largest difference being near the horizon. 
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According to the electric current model, accounting for the infinite 

substrate, the far-field pattern is given by [5] 

⎟⎟
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h
ii
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Where 

kx = k0 sinθ cosφ        (2.9) 

ky = k0 sinθ sinφ         (2.10) 

and  is the far-field pattern of an infinitesimal (Hertzian) unit-amplitude x-

directed electric dipole at the centre of the patch. This pattern is given by [5] 
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The radiation patterns (E- and H-plane) for a rectangular patch antenna on an 

infinite substrate of permittivity εr = 2.2 and thickness h /λ0= 0.02 are shown in 

Figure 2.4. The patch is resonant with W / L = 1.5. Note that the E-plane pattern 

is broader than the H-plane pattern. The directivity is approximately 6 dB. 

 

 

Fig. 2.4 / Radiation Pattern (E & H plane) 

2.6 RADIATION EFFICIENCY   
The radiation efficiency of the patch antenna is affected not only by 

conductor and dielectric losses, but also by surface-wave excitation - since the 

dominant TM0 mode of the grounded substrate will be excited by the patch. As 

the substrate thickness decreases, the effect of the conductor and dielectric 

losses becomes more severe, limiting the efficiency. On the other hand, as the 

substrate thickness increases, the surface-wave power increases, thus limiting 

the efficiency. Surface-wave excitation is undesirable for other reasons as well, 

since surface waves contribute to mutual coupling between elements in an array, 

and also cause undesirable edge diffraction at the edges of the ground plane or 

substrate, which often contributes to distortions in the pattern and to back 

radiation. For an air (or foam) substrate there is no surface-wave excitation. In 
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this case, higher efficiency is obtained by making the substrate thicker, to 

minimize conductor and dielectric losses (making the substrate too thick may 

lead to difficulty in matching, however, as discussed above). For a substrate with 

a moderate relative permittivity such as εr = 2.2, the efficiency will be maximum 

when the substrate thickness is approximately λ0 = 0.02. The radiation efficiency 

is defined as 
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P
P
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e
++++

==      (2.18) 

Where P sp is the power radiated into space, and the total input power P total is 

given as the sum of Pc - the power dissipated by conductor loss, Pd - the power 

dissipated by dielectric loss, and P sw - the surface-wave power. The efficiency 

may also be expressed in terms of the corresponding Q factors as 
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The dielectric and conductor Q factors are given by 
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Where tanδd is the loss tangent of the substrate and Rs is the surface resistance 

of the patch and ground plane metal at radian frequency  ω =2π f  , given by 
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where σ is the conductivity of the metal. 

The space-wave Q factor is given approximately as [6] 
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with a2 = − 0.16605, a4 = 0.00761, and c2 = - 0.0914153. 

The surface-wave Q factor is related to the space-wave Q factor as 

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
−

= sw
r

sw
r

spsw e
eQQ

1
       (2.27) 

where  is the radiation efficiency accounting only for surface-wave loss. This 

efficiency may be accurately approximated by using the radiation efficiency of an 

infinitesimal dipole on the substrate layer [6], giving 
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A plot of radiation efficiency for a resonant rectangular patch antenna with W / L 

= 1.5 on a substrate of relative permittivity εr  = 2.2 or εr  = 10.8 is shown in 

Figure 2.5. The conductivity of the copper patch and ground plane is assumed to 

be σ =  3.0×107 [S/m] and the dielectric loss tangent is taken as tanδd = 0.001. 

The resonance frequency is 5.0 GHz. (The result is plotted versus normalized 

(electrical) thickness of the substrate, which does not involve frequency. 

 

Fig.2.5 / Radiation Efficiency for a rectangular patch Antenna 

However, a specified frequency is necessary to determine conductor 

loss.) For h / λ0 < 0.02, the conductor and dielectric losses dominate, while for h / 

λ0 < 0.02, the surface-wave losses dominate. (If there were no conductor or 

dielectric losses, the efficiency would approach 100% as the substrate thickness 

approaches zero.) 

2.7 BANDWIDTH  
The bandwidth increases as the substrate thickness increases (the 

bandwidth is directly proportional to h if conductor, dielectric, and surface-wave 

losses are ignored). However, increasing the substrate thickness lowers the Q of 

the cavity, which increases spurious radiation from the feed, as well as from 

 18



higher-order modes in the patch cavity. Also, the patch typically becomes difficult 

to match as the substrate thickness increases beyond a certain point (typically 

about 0.05 λ0). This is especially true when feeding with a coaxial probe, since a 

thicker substrate results in a larger probe inductance appearing in series with the 

patch impedance. However, in recent years considerable effort has been spent 

to improve the bandwidth of the microstrip antenna, in part by using alternative 

feeding schemes. The aperture-coupled feed of Figure 2.2c is one scheme that 

overcomes the problem of probe inductance, at the cost of increased 

complexity[7]. 

Lowering the substrate permittivity also increases the bandwidth of the 

patch antenna. However, this has the disadvantage of making the patch larger. 

Also, because the Q of the patch cavity is lowered, there will usually be 

increased radiation from higher-order modes, degrading the polarization purity of 

the radiation. 

By using a combination of aperture-coupled feeding and a low-permittivity 

foam substrate, bandwidths exceeding 25% have been obtained. The use of 

stacked patches (a parasitic patch located above the primary driven patch) can 

also be used to increase bandwidth even further, by increasing the effective 

height of the structure and by creating a double-tuned resonance effect [8]. 

A CAD formula for the bandwidth (defined by SWR < 2.0) is 
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Where the terms have been defined in the previous section on radiation 

efficiency. The result should be multiplied by 100 to get percent bandwidth. Note 
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that neglecting conductor and dielectric loss yields a bandwidth that is 

proportional to the substrate thickness h. 

 

Fig. 2.6/ Calculated & Measured Bandwidth 

Figure 2.6 shows calculated and measured bandwidth for the same patch in 

Figure 2.5. It is seen that bandwidth is improved by using a lower substrate 

permittivity, and by making the substrate thicker. 

2.8 INPUT IMPEDANCE  
A variety of approximate models have been proposed for the calculation 

of input impedance for a probe-fed patch. These include the transmission line 

method [9], the cavity model [10], and the spectral-domain method [11]. These 

models usually work well for thin substrates, typically giving reliable results for h / 

λ0 < 0.02. Commercial simulation tools using FDTD, FEM, or MoM can be used 

to accurately predict the input impedance for any substrate thickness. The cavity 

model has the advantage of allowing for a simple physical CAD model of the 

patch to be developed, as shown in Figure 2.7.  
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Fig. 2.7 / Equivalent Circuit of Patch Antenna 

 

In this model the patch cavity is modelled as a parallel RLC circuit, while 

the probe inductance is modelled as a series inductor. The input impedance of 

this circuit is approximately described by 

( )1/21 0 −+
+≈

ffQj
RjXZ fin      (2.30) 

where f0 is the resonance frequency, R is the input resistance at the resonance of 

the RLC circuit (where the input resistance of the patch is maximum), Q = Qtotal is 

the quality factor of the patch cavity (20), and Xf =ωLp   is the feed (probe) 

reactance of the coaxial probe. A CAD formula for the input resistance R is 
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where the input resistance at the edge is 
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A CAD formula for the feed reactance due to the probe is 
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where γ = 0.577216 is Euler’s constant. 

 

 

     Fig. 2.8(a) 

 

Fig. 2.8 (b) 

Fig. 2.8 / Comparison of input Impedances 

Figure 2.8 shows a comparison of the input impedance obtained from the 

simple CAD model (30) with that obtained by a more accurate cavity model 

analysis. At the resonance frequency, the substrate thickness is approximately 

0.024 λ0. Near the resonance frequency, the simple CAD model gives results 

that agree quite well with the cavity model. 
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2.9 IMPROVING PERFORMANCE  
Much research has been devoted to improving the performance 

characteristics of the microstrip antenna. To improve bandwidth, the use of thick 

low-permittivity (e.g., foam) substrates can give significant improvement. To 

overcome the probe inductance associated with thicker substrates, the use of 

capacitive-coupled feeds such as the top-loaded probe [12] or the L-shaped 

probe [13] shown in Figure 2.9a and Figure 2.9b may be used. Alternatively, the 

aperture coupled fed shown in Figure 2.9c may be used, which also has the 

advantage of eliminating spurious probe radiation. To increase the bandwidth 

even further, a stacked patch arrangement may be used, in which a parasitic 

patch is stacked above the driven patch [8]. This may be done using either a 

probe feed or, to obtain even higher bandwidths, using an aperture-coupled feed 

(Figure 2.9c). 

 

(a) Top Loading Probe Feeding 

 

(b) L- Probe Feeding 
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(c) Aperture Coupled Feeding 

Fig. 2.9/ Feed Types 

 The bandwidth enhancement is largely due to the existence of a double 

resonance, and to some extent, to the fact that one of the radiators is further 

from the ground plane. 

Bandwidths as large as one octave (2:1 frequency band) have been obtained 

with such an arrangement. By using a diplexer feed to split the feeding signal 

into two separate branches, and feeding two aperture-coupled stacked patches 

with different centre frequencies, bandwidths of 4:1 have been obtained [14]. 

Parasitic patches may also be placed on the same substrate as the driven patch, 

surrounding the driven patch. A pair of parasitic patches may be coupled to the 

radiating edges, the non-radiating edges, or all four edges [15]. This planar 

arrangement saves vertical height and allows for easier fabrication, allows the 

substrate area occupied by the antenna is larger, and there may be more 

variation of the radiation pattern across the frequency band since the current 

distribution on the different patches changes with frequency. Broad banding may 

also be achieved through the use of slots cut into the patch, as in the “U-slot” 

patch design [16]. This has the advantage of not requiring multiple layers or 

increasing the size of the patch as with parasitic elements. 
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Another variation of the microstrip antenna that has been introduced recently is 

the “reduced surface wave” microstrip antenna shown in Figure 2.10 [17].  

 

Fig. 2.10/ Reduced surface wave microstrip antenna 

This design is a variation of a circular patch, with an inner ring of vias that 

creates a short-circuit inner boundary. By properly selecting the outer radius, the 

patch excites very little surface-wave field, and also only a small amount of 

lateral (horizontally propagating) radiation. The inner short-circuit boundary is 

used to adjust the dimensions of the patch cavity (between the inner and outer 

boundaries) to make the patch resonant. The reduced surface-wave and lateral 

radiation result in less edge diffraction from the edges of the supporting ground 

plane, giving smoother patterns in the front-side region and less radiation in the 

backside region. Also, there is less mutual coupling between pairs of such 

antennas, especially as the separation increases. The disadvantage of this 

antenna is that it is πηψσιχαλλψ φαιρλψ λαργε, βεινγ αβουτ 0.60 ⎣0 in diameter, 

regardless of the substrate permittivity. 
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Chapter 3 ACTIVE INTGRATED PATCH ANTENNA

3.1  INTRODUCTION
The number of mobile phones has burgeoned in recent years while

satellite communication traffics including international telephone calls and Direct

Broadcast Satellite Television (DBS-TV) have also proliferated significantly.

Commercial cellular and PCS mobile communication [1] currently occupy the

800 MHz-2GHz spectral regions. With a view to achieving higher data rate and a

wider range of service, military and commercial satellite communications [2],

inclusive of voice, data and DBS-TV, operate in frequencies ranging from 4 – 30

GHz, and it may go up to 60 GHz and beyond. While the initial technological

achievement in both mobile and satellite communications have been accelerated

to render service with ample functionality, the current focus lies on lowering the

cost of service while maintaining superior quality. One of the cardinal

approaches for reducing system and operating cost is the conservation of

system power resources and minimization of power wasted as heat. Out of the

approximately 250W of power produce by the solar cell arrays on a typical

satellite, more than 125W is dissipated as heat due to inefficient operation of the

transmitter power amplifier [2].

 The power amplifier (PAs) in a wireless transmitter amplifies the signal

power before delivering it to the antenna for transmission. The transmitted power

needs to be strong enough so that the signal received at the destination is clear

and intense. For example, the power amplifier in a communication satellite has

an output power level on the order of 40W. To propagate this amount of power to

the antenna, the PA consumes an average about 75% of the total accessible
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power [2]. If the PA operates at about 30% efficiency [2], then 70%-75% of the

total power is converted to heat. Thus 52.5% of the total system power is

dissipated as heat in the power amplifier. During an eclipse, the satellite is

controlled by on board batteries whose lifetime is confined by the unnecessary

waste of power due to conversion to heat. The life span of battery is also of

relevance to the cellular phone. By using more efficient PAs in these

transmissions, satellite solar cell arrays may possibly be made smaller. While

batteries will last longer, prolonging the satellite lifetime as well. Cellular phone

usage will be economical since batteries will last longer while cellular base

station can curtail cost by drawing less electricity.

 The heat produced due to inefficient power usage in the power amplifiers

not only wastes valuable solar cell or battery power, but also causes thermal

degradation of electronic devices. It requires bulky heat sinks to cool the

transmitter. In addition to cutting down the cost, the benefits include increase in

efficiency of power amplifier, heat dissipation reduction that moderates the heat-

sink size of the system. This is very momentous in satellite communication;

where thermal squander management is confronted due to the cacophonous

environment of the space where the temperature varies from 4 0K to 100 0K

approximately, when exposed to direct sun light. Less heat sinking also means

small size and weight of the system, which directly metamorphose to further cost

saving in satellite launching process. Some of the approaches being taken to

ameliorate the power efficiency of transmitters include the use of high efficiency

power amplifiers [3], the formulation of power efficient modulation techniques [4]

and real time power control of the power amplifiers [5].
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3.2 INTEGRATED ANTENNA CONCEPT
In wireless communications systems, transmit front-end consumes a large

fraction of the total available power. In particular, the power amplifier preceding

the antenna can consume more than 50% of the total average power. Therefore,

increasing the power amplifier efficiency is essential to extend battery lifetime

(e.g. on a satellite or in portable applications) and reduce power lost to heat that

leads to thermal degradation of the electronics in the front end. Both these

factors are important in reducing the total cost of the system. By integrating

efficient power amplifiers in each unit cell of a transmit antenna array, a

transmitter front-end may be optimized for efficient amplification and for

combining the output of each unit cell in the low-loss medium of free space.

  Active Integrated Antenna (AIA) has been a germinating area of research

in recent years, as the microwave integrated circuit and monolithic microwave

integrated circuit technologies became more mature allowing for high-level

integration. From a microwave engineer’s viewpoint, an AIA can be regarded as

an active microwave circuit in which the output or input port is free space instead

of a conventional 50-ohm interface. In addition to the original role of AIA as a

radiating element, it renders certain circuit function like resonator, filter and

duplexer as a radiating element. According to the antenna designer’s point of

view the AIA is an antenna that haunts signal in-built and wave processing

capabilities such as mixing and amplification. A conventional AIA comprises of

active devices such as Gunn diodes or three-dimensional devices to form an

active circuit and planner antennas like dipoles, microstrip patches, bowties or

slot antennas. The concept of active integrated antenna was investigated as
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early as 1928 [6]. Radio broadcast receivers around 1MHz dealt with a small

antenna with electron tube was familiar in those days. In 1960’s & 1970’s, the

awareness for investigating active antenna grew due to the invention of high

frequency transistors and some outstanding works reported in this area [7-16].

Various advantages of achieving the active devices in passive radiating

elements are discussed in [17]. For example, these works comprise of increasing

the effective length of short antenna and antenna bandwidth, decreasing the

mutual coupling array elements and enhancing the noise factor. The vital

propelling forces for the research on AIA’s are the development of novel efficient

quasi-optical power combiners during last 15 years [18-19]. The tangible

purpose for the quasi-optical power combining is to combine the output power

from an array of many solid-state devices in free space. It succeeds combiner

loss limitations, which are prominent at millimetre wave frequencies [20-21].

Presently, manifold innovative designs on the AIA’s concept have been offered

and successfully demonstrated.  AIA technology has been elaborated to a point

where practical implementation for use in the latest microwave and millimetre

wave system is achievable. Now days, it is implemented in a number of related

fields such as power combining, beam steering and switching, retro directive

arrays as well as high frequency power amplifier designs. In millimetre wave

systems, AIA based designs are alluring because they support an effective

solution to several fundamental problems at these frequencies, including higher

transmission line loss, limited source power, reduced antenna efficiency and lack

of high performance phase shifters.



30

3.2.1 ACTIVE ANTENNA DEFINITION
An antenna with some active processing elements before intercepting or

producing electromagnetic wave is called an active antenna. The strenuousness

that lies with this definition is that almost all antenna could be regarded as an

active antenna as long as the active elements are relatively in closed vicinity to

the antenna aperture; for instance, if the active elements are around the same

substrate or say within a distance less than the real field distance.  The following

discussions on the definition are according to Itoh [22]; “For an antenna engineer

an active integrated antenna is an antenna with a high degree of wave

processing ability. For a Microwave engineer a more appropriate definition may

be stated as: ‘active antenna is a microwave front end circuit in which the ports

are not terminated in 50 ohm but are directly connected to free space’. It is no

doubt that this definition absolutely depicts the capability of an active antenna

but still it is not conclusive since there is no clear test for a high degree wave

processing capability. The pivotal principle of this definition is whether the active

element actually has an impact on the interception of the radiation of the

electromagnetic waves, if negative then the active element is not actually part of

a post interception (receive case), or pre interception  (transmit case) processing

block. Therefore an active fully integrated antenna can be defined as: “An

antenna whose radiation properties are intimately associated with an active

element or elements behaviour’.”
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Fig.3.1/Integrated Antenna structure

Simple addition of an amplifier to the output of an antenna does not

qualify it as an active antenna since the amplifiers behaviour is independent of

the passive behaviour. As a diode and its D.C. biasing [23] would impact the

radiating behaviour of the antenna, so in the same way addition of a Varactor

diode to the passive structure would be considered to be an active antenna (Fig.

3.1).

3.2.2 FULLY AND QUASI INTEGRATED ACTIVE ANTENNAS

It is tangible that some antennas currently classified as active antennas,

may not fall into the above category; therefore these antennas are called partially

integrated or quasi-integrated active antennas. Antenna having active

components can be classified either as a fully integrated or quasi-integrated

active antenna. The component that exists in active antenna requires an external

power source. If it comes under the above category then it is a fully integrated

active antenna, otherwise it is a quasi-integrated antenna. The different symbolic

diagrams explaining these concepts are shown below in fig.3.2.
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Fig 3.2/Symbolic Representation of Antennas

Two of the symbolic representations of the antennas shown above are

active antennas. Therefore, a processing block ‘P’ with a circle represents them.

The processing block contains either linear or non-linear functions and depends

upon D.C. biasing. Hence the fully integrated antenna includes such a

processing block in the radiation mechanism. Consequently   the D.C. biasing

values of a fully integrated antenna will influence the radiation properties. Due to

D.C. bias of active antenna, the active properties like a noise have some

correlation to the radiation properties.

On implementing a passive antenna, an intercepted wave results in a

received signal; whereas a transmitted signal results in producing an

electromagnetic wave. As per above discussion, it has direct correlation with

active integrated antenna. In an active antenna a signal or electromagnetic wave

may not have a direct correlation. A receive active antenna may give a signal

output without intercepting an electromagnetic wave. Any signal out put contains

no information due to lack of electromagnetic wave. Hence, Quasi-integrated
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Antenna
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Antenna

Fully
Integrated
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active antenna, fully integrated active antenna (i.e. whether partially or fully

integrated) still has a direct correlation with the transfer of information. This does

not adhere to a ‘signal’ in case of passive antenna.

3.2.3 ACTIVE INTEGRATED ANTENNA APPROACH
The selection of antenna is of unique importance in the active integrated

approach. Planar-type antennas such as the patch or slot are considered good

for minimizing inter connects, as they are suitable for direct integration with

microstrip or coplanar waveguide (CPW). Antenna characteristics, only at the

system operating frequency, make the point of consideration for an antenna

designer. When the use of antenna comes for harmonic tuning, antenna

characteristics over a broad frequency span must be considered. These

characteristics are categorized into two parts. First one satisfies input impedance

at operating frequency and higher harmonics must be chosen to maximize

amplifier performance. While second characteristics states that radiation

properties of the antenna is chosen for optimal wireless performance. In an

antenna design the input impedance of the antenna is a vital point. It states that

the input impendence at the fundamental frequency must be close to the

optimum output impedance of the amplifier maximum power added efficiency

(PAE) or Pout. Besides, the antenna should present a reactive termination at

undesired higher harmonics. The later constraint is contrary to many planar

antennas. For consideration, resonant higher modes of the rectangular patch

antenna approximately occur at multiples of the fundamental resonance. If not

modified, this antenna is not opted for harmonic tuning. The radiation properties

of the antenna are very important for optimal wireless performance. The antenna
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need to have sufficient gain and radiation pattern the chosen application along

with the low cross-polarization level at the fundamental frequency is

indispensable.

3.2.4 AMPLIFYING ACTIVE INTEGRATED ANTENNA
The maximum power-consuming component in transmitter designs are

power amplifiers, therefore high efficiency power amplifiers are of enormous

important for highly compact & light weight transmitters in wireless

communications. A little increment in PAE is very vital, if it can be designed

without measure degradation in linearity. In the near past, the AIA concept has

been extended into the push-pull power amplifier design, where the power of two

anti-phase driven class-B power amplifiers are directly combined through a dual

feed planar antenna. In the traditional microwave frequency push-pull power

amplifier, the two FET devices are combined through a broad band 180-hybrid or

balun. The loss incorporated with the output hybrid restricts the practical

efficiency of this type of power amplifiers, microwave & millimetre wave

frequencies. The next chapter discusses this configuration.

In the AIA active devices are directly integrated with the antenna,

permitting the antenna to serve as power combiner and harmonically tuned load.

In addition to its original function as a radiating element it minimizes circuit size

and insertion loss.

3.2.5 HARMONIC RADIATION REDUCTION
Harmonic radiation is another significant issue in wireless systems.

Harmonic radiations are caused when the power amplifier generates

consequential harmonics which may radiate through the antenna resulting
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degraded system performance. One striking example where this effect can be

considerable problem is co-site interference, which may occur when a number of

antennas operating at different frequencies are mounted in close juxtaposition.

Equipping additional filters to clear up the resulting EMI problem is not only

exorbitant but decreases the transmitter efficiency there by degrading the

receiver noise figure. The harmonic tuning techniques bestowed here not only

improve the amplifier efficiency but also reduce unwanted harmonic radiation. As

derived from the fundamental, the harmonic frequency may have a different

radiation pattern, on account of which the harmonic radiated power has to be

gauged in all directions.

3.3 INTEGRATED ANTENNA CONCEPT
In 1893 Hertz [24] initiated the concept of end-loaded transmitter and

resonant square-loop antenna receiver. In this antenna there is no need of

matching networks between the circuit and antenna terminals in case of

transmitter as well as receiver. There after, Frost described an amplifying

antenna in June 1960 [25]. Investigators of Ohio State University, USA

demonstrated both diode and transistor-integrated antenna [26-27]. Boehnker,

Copland and Robertson described a mixer-integrated antenna using a tunnel

diode and a spiral antenna. This antenna is called “Antennafier”.

3.3.1 DIODE- INTEGRATED ACTIVE MICROSTRIP ANTENNA

These active integrated antennas have wide applications in Microwave

and Millimetre wave devices. Kwok and Weller [28] shared the use of BARITT

diode for Doppler-sensing applications in 1979. Armstrong et al. [29]
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demonstrated an active BARITT–integrated Microstrip patch antenna Doppler

sensor in 1980. The Microstrip patch antenna behaved as a Self-Oscillating

Mixer (SOM), with BARITT-diode integration.

 Bhartia and Bahl introduced the Varactor-integrated Microstrip patch

antenna in 1982 [30]. In 1984, the first monolithic Gunn-integrated end-fire

antenna was developed by Wang and Schwarz [31]. In 1984 and 1985, Thomas

et al [32-33] reported Gunn-integrated rectangular Microstrip patch antenna

operating at X-band frequencies.

 In 1986, Michael Dydyk [34] proposed an IMPATT integrated circular

Microstrip patch. In 1987, Young and Stephan [35] used the Gunn-integrated

active Microstrip patch antenna as distributed oscillators. In 1988, Hammer and

Chang [36, 37] also investigated Gunn-integrated Microstrip antenna for spatial

power combining. Navarro, Shu and Chang were integrated a different type of

antenna called a notch or tapered slot antenna with a Gunn diode in 1990 [38,

39]. The stepped notch antenna design was modified and improved with addition

of a Varactor by Navarro et al [40] in 1991.

 Ekstom et al. [41] demonstrated a bismuth bolometer detector integrated

end-fire notch antenna at 348 GHz in 1992. Similarly, in 1993, Acharya et al. [42]

showed a detector integrated end-fire notch antenna at 802Ghz. York and

Compton [43] used a dual Gunn-integrated antenna to provide more power and

lower the cross polarization level. Stiller et al. [44] developed an active V-band

monolithic IMPATT integrated radiating oscillator in 1996.
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3.3.2 TRANSISTOR INTEGRATED ACTIVE MICROSTRIP ANTENNA
Although diodes have shown higher operating frequencies and higher

output power levels, transistors are low-priced and provide higher Dc to RF

conversion efficiency at lower operating voltages. Smaller operating currents

translate heat-sinking requirements.  Further, transistors perform a variety of

function using a single technology allowing flexibility in a multiple function active

antenna design.

In 1971, Ramsdale and Maclean [45] used Bipolar Junction Transistors

(BJTs) and dipoles for transmitting applications. They demonstrated large height

reductions in 1974[46] and later in 1975 [47] using integrated aerials.

The Microstrip patch antenna was first integrated with a FET by Chang,

Hummer and Gopal Krishnan [48] in 1988. In 1989, Guttich [49] demonstrated

one of the most complete Hybrid integrated antennas. A notch antenna and

coupled Slot lines were integrated with a FET and mixer diodes to create a

complete RF front–end. York et al [50] introduced a compact FET- integrated

Microstrip patch antenna in 1990. In the same year, Birkeland and Itoh [51]

introduced another approach to edge couple FETs to Microstrip patches.

According to their theory, two and four FETs were integrated with a single patch

antenna.

Birkeland & Itoh proposed another approach in 1991 [52]. It uses a

directional Microstrip coupler to develop two port FET oscillators. Hall & Haskins

in 1992 [53] and in 1994 [54] demonstrated an edge-fed dual FET integrated

Microstrip patch antenna oscillator. In this year, Wu et al [55] introduced a push-

pull FET-integrated active antenna design.
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In 1993, Wu and Chang [56] developed a CPW-fed FET integrated slot-

CPW antenna amplifier configuration. In 1994, a folded slot antenna

configuration was introduced by Tsai et al [57].

Deal, Qian and Itoh [58] investigated new integrated antenna power

amplifier architecture in 1998. In this topology, a multi-fed patch antenna is used

as the load of a class-B push-pull amplifier. The same authors reported another

paper on Integrated-Antenna Push-Pull Power Amplifiers [59]. In this approach,

the antenna serves as an out-of-phase power combiner and tuned load for

higher harmonics. In 2002, Hall, Gardner and Ma reported a paper on Active

Integrated Antennas [60]. In this paper, they described various types of

integrated antennas together with possible ways of exploiting the technology.

They used two FET based oscillators along with a patch antenna to form 30 GHz

push-pull patch oscillators.

3.4 OSCILLATOR TYPE ACTIVE INTEGRATED ANTENNA
Integrating an active solid-state device directly with an antenna forms an

integrated antenna oscillator. The active solid-state device could be a diode such

as Gunn, IMPATT, BRITT, etc, or a transistor such as MESFET, high electron

mobility transistor (HEMT), hetero junction bipolar transistor (HBT). In the

traditional approach, the antenna and oscillator are two separate components

interconnected by a transmission line. The deliverance is given to optimize the

performance of the oscillator and antenna independently because there is an

apparent distinction between the circuit components and the radiating structures.

In the integrated antenna oscillator there is no conspicuous discrimination or

boundary between the oscillator and antenna. The active device lies within the
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volume normally coupled with the radiating structure. The antenna succours as a

load and radiator for the active device. The AIA oscillator has the convenience of

smaller size, lower cost and lower loss, as compared to the conventional

approach. The general integrated antenna oscillator circuit is shown in fig. 3.3.

The transistor consisting of three terminals is a two port network which offers to

the feed input impedance that follows with one port termination on the other side.

The active device impedance is a function of frequency, d.c. bias current, R.F.

current, and temperature. Early integrated antenna had come into limelight in

1960s.

Fig.3.3/General Integrated Antenna Oscillator circuit

Fig.3.4/Integrated Gunn-patch antenna Oscillator
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Fig.3.5/ Integrated Antenna Oscillator using FET

The perception observed was of very little use till mid 1980s. When

integrated antennas became approbation for compact mobile systems and

spatial power combining, it was sought to solve power deficiencies of solid-state

devices. Thomas et al [61-62] reported Gunn integrated rectangular Microstrip

patch antenna operating at X-band frequencies. The active Microstrip Patch was

a compact inexpensive microwave source, which could be used for Doppler

sensing or spatial power combining applications. The design comprises of a

Gunn diode and a rectangular Microstrip patch antenna. The antenna succours

as a resonator and load for the radiating oscillator. Fig 3.4 & 3.5 show the

configuration of the active antenna oscillator. The Gunn diode was mounted,

between the patch and the ground plane, offset along the patch to locate it at the

10 Ω  - feed point. For better phase noise, the integrated Gunn patch antenna

Oscillator can be injected locked to a stable source using an external source or

mutual coupling [63-65].
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3.5 FREQUENCY CONVERSION TYPE ACTIVE INTEGRATED
ANTENNA

In 1977 [66], invention of a quasi-optical mixer at 100-120 GHz to replace

the waveguide mixer initiated work on frequency conversion type AIA [67 –74].

Mostly the work focused on the quasi-optical mixer, baring some exceptions [77,

79] where quasi-optical multipliers were also dealt with. Recent interests in

intelligent highway systems and non-contact ID’s require intensive work on

quasi-optical transponders using self-oscillating mixers or sub-harmonically

pumped mixers to realize necessary simple and low-cost components.

A quasi-optical mixer, which can functions as a receiver front end,

integrates a mixer to a receiving antenna. The integration of the local oscillator

(LO) can be on the same substrate, or can be supplied by an external source

through free space. A self-oscillating mixer can eliminate the need of a separate

LO, utilizing the nonlinear property of oscillating device for frequency conversion

[69]. However, realization of LO with sufficient power level to drive the mixer at

millimetre-wave frequencies is difficult. A sub-harmonically pumped mixer can be

a solution by using an LO frequency at one-half the value required for a

conventional mixer [68]. Its practical application is demonstrated on a non-

contact identification transponder. It receives a 6 GHz interrogation signal as the

harmonically pumped LO power.  Then it uses a frequency of around 12 GHz for

a modulated ID code to provide the required response. Transmission and

reception employ a broadband bow-tie antenna is used for receiving as well as

transmitting.
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3.6 OTHER FORMS OF ACTIVE INTEGRATED ANTENNA
Previous sections have described a number of AIA configurations and

have suggested befitting application areas.  To comprehend several systems

requirement can be cited in order to conclude that such technology is applicable

to communications and sensors in a wider sense. For transmitting elements,

stability, purity and capability of frequency tuning and modulation are essential.

Sensitivity and selectivity are important for receive elements. Finally, the ability

to duplex both transmit and receive functions is requisite for many systems.

3.6.1 Transmitting Elements
Stand-alone antenna oscillators have inherently low stability. The

combination of a single active device oscillator with an antenna generally has a

bandwidth of a few percent resulting in external quality factor less than a few

10s. While this may be admissible in short-range sensor systems such as

intruder alarms; it is too low for most multi-channel communications applications.

In addition, long-term stability must be possessed and tuning made more

accurate. Patch oscillator control using a PLL [79] has been shown to reduce

phase noise to certain acceptable levels; for example the Digital Enhanced

Cordless Telephone (DECT) standard finds them useful. A phase noise of 70

dBc/Hz at 10 kHz has been consummated at an operating frequency of around

1.8 GHz. It is reckoned that, using chip-based PLLs, a compact single-substrate

transmitter could be made with overall size1.5 times the patch-antenna size.

PLL techniques become uphill at very high frequencies and an alternative

technique using a coupled cavity beneath the antenna oscillator has been

displayed [80]. Using scale models at 4 GHz of millimetre-wave oscillators, a
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phase noise of 78 dBc/Hz at 10-kHz offset was gained for both a patch and a

slot oscillator. Measurements of copper-plated cavities micro-machined in silicon

at 34 GHz suggested that better phase noise than the above could be obtained

at millimetre wavelengths. Simulations, using the Van der Pol method,

demonstrated that the use of a coupled cavity escalated the oscillator start up

time by about a factor of three. The use of a single long cavity beneath two

oscillators improved mutual locking so that if they had slightly different free-

running frequencies, due to manufacturing differences, there was an increased

chance of the two locking together. Out-of-band radiation must be restrained in

most practical systems and careful oscillator design is needed. Circular sector

patches [81] and shorted quarter-wavelength patches [82] have been shown to

give a reduction of over 10 dB in radiation at harmonic frequencies. Analysis is

also available [83] to guide design methods. When locked oscillators are used to

provide either frequency or phase modulation, then the finite locking time places

a limit on the capacity of the communications link. This effect is accelerated

when locked oscillator arrays are, modulated through the locking signal applied

to a single element only for simplicity. Van der Pol analysis [84] has put forth that

the data rate is inversely proportional to the array length and for a seven-element

linear array is of the order of 10 Mb/s.

3.6.2 Receiving Elements
Direct down-conversion receive elements have been extensively reported

[85]. If increased sensitivity and selectivity is required, then super heterodyne

techniques must be used. However, if a single-substrate configuration is used,

then substantial radiation from the Local Oscillator (LO) will result. For a 0-dBm
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LO power, an adequate isotropic radiated power of 25 dBm had been measured,

with results confirmed by theory [86]. To counter the undesirable radiation from

equipment for the DECT, shielding can be used, but this reduces the degree of

integration and will result in increased cost and size.

3.6.3 Duplex Elements
Various forms of duplex elements have been demonstrated. If the

oscillator active device is also used as a self-oscillating mixer, then simple

Doppler radar elements can be made. A time-division communications function

can be executed by switching the oscillator between transmit and LO frequency.

Polarization duplexing, with an oscillating active device connected to one side of

a square patch and a low-noise amplifier attached to an orthogonal side, as

shown in Fig.3.6, allows synchronous transmit and receive operation [87]. If one

pair of element is rotated about 1800, it increases the isolation in a two-element

array, which is measured at 45 dB. This isolation would consent to a pair of 8.8

element arrays to form duplex link with a range of approximately 100 m.

Concurrent transmit–receive operation on the same frequency and polarization

has been demonstrated by the integration of an active circulator in the form of a

ring with three embedded amplifiers surrounding a quarter-wavelength patch

[88]. Isolation of 25 dB was accomplished over a relatively narrow bandwidth.
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Fig.3.6/Simultaneous Transmit-Receive Active Antenna

3.7 CONCLUSION
The AIA was a paradigm shift in small and conformal antenna research. It

is an interdisciplinary topic, and hence throws various challenges to the antenna

and RF research communities alike. This chapter has outlined various areas in

which research continues to be carried out. It is contemplated that this

technology with possible modification & supplements will find in many uses in

future wireless communication systems.
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Chapter 4 DUAL-FED ACTIVE INTEGRATED ANTENNA

4.1 INTRODUCTION
Due to spectrum congestion at lower frequencies and the spurt in the

wireless communication, it is essential to look for miniaturized systems with higher

bandwidth, and high efficiency of frequency reuse. The frequency range suitable for

systems of such characteristics are the microwave, millimeter-wave and beyond.

Once, the frequency range is identified, it is essential to realize systems for that

range. One of the major subsystems in such communication systems is the

(transmitting or receiving or transceiver) front end, which can consume majority of

power. Thus a successful design must put innovative efforts to realize compact and

high efficiency front-ends.

 At University of California, Los Angeles (UCLA), the group of Prof. T. Itoh has

proposed an integrated-antenna push-pull power amplifier as a compact and high

efficiency RF transmitter. In this configuration, a 180-degree hybrid splits the input

power and feeds them (which are in anti-phase) to two FETs. The outputs from the

FETs are given to a dual-fed Microstrip patch or slot antenna in such a manner that

the fundamental mode is excited 180 degree out of phase by each feed. This

chapter describes the principle of such dual-fed antenna and proposes a

modification to the input circuit.
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4.2 PRINCIPLE
Dual-feed antennas [1-6] can be described as a three-port structure, where

ports 1 and 2 are the antenna feeds, and port 3 is an invisible radiation port shown

in Fig 4.1(a). Three conditions must exist if the two-feed antenna is to be used as an

efficient power combiner in a tuned push-pull PA. First, the antenna must radiate

efficiently with acceptable patterns. Second, the input impedance of the antenna

should be suitable for harmonic tuning. Finally, negligible power should flow from

feed port to feed port when push-pull excitation is applied, which will directly limit

the power-combining efficiency.

 Two structures that satisfy these conditions are the Microstrip patch and slot

antennas. The patch antenna has Microstrip feeds placed at opposite radiating

edges to excite the proper radiation mode. For such structures, used with push-pull

excitation, each feed will excite identical radiation modes with identical phase in the

antenna. Therefore, the radiated power will combine in free space. Additionally, the

radiated fields will be essentially that of the single-feed patch or slot antenna.

Therefore, each of these structures satisfies the first condition. Each of these

structures can also be used for harmonic tuning. Finally, the feed-feed coupling of

each of these structures is ideally zero when push-pull excitation is applied. For the

rectangular patch antenna, the mode coupling between feeds 1 and 2 will be the

Microstrip mode. With push-pull excitation (odd mode) applied at each feed, the

voltage at the center of the patch must be zero. Therefore, a virtual short circuit

exists at the center of the patch and no net power will be guided between feeds 1
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and 2. This creates a standing wave in the cavity that exactly corresponds to the

desired radiation mode of the fundamental resonance. Therefore, any propagating

energy will be directly transformed into the radiation mode. Since no power will flow

between the two feed ports, only antenna losses will limit the power-combining

efficiency. In the case of small antenna losses, the combining efficiency will,

therefore, approach 100%.

(a) Dual- fed Microstrip Antenna

Microstrip Feed

Microstrip
Patch

Microstrip Feed

E(    )ω
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(b) Schematic of a Push-pull AIA Front-End

Fig. 4.1 / Push-Pull AIA

4.3 SPLITTING AMPLIFIER

Basically, a 0° splitter is a passive device which accepts an input signal and

delivers multiple output signals with specific phase and amplitude characteristics.

The output signals theoretically possess the following characteristics:

1. Equal amplitude.

2. 0° phase relationship between any two output signals.

3. High isolation between each output signal.

 FET

  FET

50 Ω

∑

∆

 0

   180

In



50

Table 4.1: Insertion Loss:

Number of Out puts Theoretical Insertion Loss (dB)

2

3

4

5

6

8

10

12

16

24

48

3.0

4.8

6.0

7.0

7.8

9.0

10.0

10.8

12.0

13.8

16.8

4.3.1 Basic Splitter
Since the 0° power splitter is a reciprocal passive device it may be used as a

power combiner simply by applying each signal singularly into each of the splitter

output ports. The vector sum of the signals will appear as a single output at the

splitter input port. The power combiner will exhibit an insertion loss that varies

depending upon the phase and amplitude relationship of the signals being

combined. For example, in a 2 way 0° power splitter/combiner, (Fig.4.2) if the two

input signals are equal in amplitude and are in-phase then the insertion loss is zero.
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However, if the signals are 180° out-of-phase the insertion loss is infinite. And, if the

two signals are at different frequencies, the insertion loss will be equal the

theoretical insertion loss shown above. The power combiner will also exhibit

isolation between the input ports. The amount of isolation will depend upon the

impedance termination at the combiner output or sum port. For example, in the 2

way 0° power splitter/combiner of Fig.4.2 if port S is open then the isolation between

ports A and B would be 6dB. And, if port S is terminated by matched impedance (for

maximum power transfer) then the isolation between ports A and B would be

infinite.

Fig.4.2/ When used as a 0° power splitter

 The following signal processing functions can be accomplished by power

splitter/combiners:

1. Add or subtract signals vectorically.

2. Obtain multi in-phase output signals proportional to the level of a common input

signal.

3. Split an input signal into multi-outputs.

4. Combine signals from different sources to obtain a single port output.
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5. Provide a capability to obtain RF logic arrangements.

4.3.2 Analysis of a basic power splitter

Fig. 4.3(a) / Basic 2 way 0° power splitter, simple "T"

The most basic form of a power splitter is a simple "T" connection, which has

one input and two outputs (Fig.4.3 (a)). If the "T" is mechanically symmetrical, a

signal applied to the input will be divided into two output signals, equal in amplitude

and phase. The arrangement is simple and it works, with limitations.

Fig. 4.3(b)/ In two-way splitter/combiner

Fig. 4.3/ Power Splitters
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The two obvious limitations are impedance mismatch and poor isolation. In a

50-ohm system, each output would be connected to 50-ohm impedance, thus

offering 25-ohm impedance to the input port. Thus, the impedance looking into the

common or input port would present a mismatch in a 50-ohm system. To correct

this mismatch, a 25 to 50-ohm matching transformer would be necessary for the

simple "T".

The second serious limitation of a simple "T" is the poor isolation. Suppose,

for example, two antennas are feeding a receiver input using a simple "T" as a

combiner. If one antenna appears as a short at its resonant frequency, it would load

down the other antenna and, in effect, wipe out the receiver input. However, a

properly designed power combiner would provide high isolation between inputs so

that the antenna "short condition" at one input would have little influence on the

other input and would cause approximately a 3:1 VSWR mismatch at the output

port, considering the receiver input. In a simple "T" circuit power combiner the

isolation between input ports will depend upon the impedance termination at the

output port. If the output port is open then the input ports would have zero isolation

between them. And, if the output port were terminated by matched impedance the

isolation would be 3dB.

Improving upon the simple "T" circuit, consider the basic lumped element

power splitter/combiner circuit of Fig. 4.3(b). The transformer has an equal number

of turns from the center tap to each end. Therefore, as an auto transformer (2 to 1

turn’s ratio) the impedance across the output ends is 4 times larger than the
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impedance across the center tap to one end. As a power combiner, an input signal

applied to port A will cause a current to flow through the transformer and experience

a 180° phase shift by the time it arrives at port B. Similarly, a current will also flow

through the resistor, Rint and will not experience a phase shift by the time it arrives

at port B. When Rint equals the impedance across the transformer ends then, then

the currents appearing at port B will be equal in amplitude but opposite in phase

and cancel. The net result is that no voltage appears at port B from the input signal

applied at port A. Thus, there is theoretically infinite isolation between the ports.

4.4. PUSH-PULL AMPLIFIER

There are various advantages of a push–pull PA over single ended

amplifiers. They include the potential for broadband performance [7] and twice the

output power of a single-ended amplifier. Thus, for a given output power, it

becomes possible to use two lower cost devices. The conventional push–pull PA

architecture splits the input power and feeds them in anti-phase to the two FETs

through an 180-degree hybrid. The Fourier analysis of the device drain current

waveform can be expressed as
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In these expressions, idpeak is the magnitude of the drain peak current and 0

is the operating frequency. Equations (4.1) and (4.2) show presence of in-phase

higher harmonic components along with anti-phase fundamental terms in the

output. It is common for microwave-frequency push–pull PA to combine two FET

devices using a broadband 180-degree hybrid or a balun. At microwave and

millimeter-wave frequencies, the loss, due to the output stage hybrid in such typical

structures, directly limits the practical efficiency of this class of amplifier [8].

Moreover, in designing a highly efficient PA, the load impedance is most important.

It must provide a reactive termination at higher harmonics to reflect the power back

to the FET with the proper phase [5].

The AIA approach aims at integrating active devices with the antenna

(Fig.4.4). As a result the antenna can serve as a power combiner and a

harmonically tuned load, besides acting as a radiating element. It results in

minimization of circuit size and insertion loss. Fig.4.4 shows the schematic of such a

circuit. As in a conventional push–pull PA, a ring hybrid at the input stage splits the

input power and feeds the two FETs with two anti-phase waveforms. At the output

stage, the balanced waveforms will provide the proper anti-phase excitation of the

antenna. Thus the need for a 180-degree hybrid or balun will be eliminated, and a

high level of integration with the push–pull PA will be achieved simultaneously.
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Fig: 4.4/ Schematic of Diode Splitter;
(a) Splitter Configuration; (b) Schematic for Realization

4.5. THE PROPOSED ARCHITECTURE

In the conventional push–pull PA architecture, the input power is split and fed

in anti-phase to the two FETs through a 180-degree hybrid (Fig.4.1). In this work [9-

11], a pair of diodes dc biased in series but functioning as a parallel pair in the rf

circuit (Fig.4.4) replace the hybrid. Each diode is biased at Io, Vo as the Quiescent

point and experiences the same rf current “io”. The polarity of the rf current is the

same as the dc bias current in one diode but opposite in the other diode. Thus, the

rf current pushes one diode to a high current state, (Io – io), while it pulls the other

diode to a lower current state –(Io – io). In this Push-pull circuit the overall

impedance of the device is the arithmetic sum of each individual diode. For two
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identical diodes connected in push-pull, the overall impedance and the power

handling capability should be doubled. For the overall device impedance level equal

to that of a single diode, individual diodes in the push-pull circuit can have twice the

junction area, and, thus raise the overall device power handling capability by a

factor of four. Here we assume that there is no serious current crowding effect

occurring when the junction area is doubled.

Fig: 4.5/ Schematic of Push-pull Antenna Circuit

Fig. 4.4(b) shows a circuit realization of the splitter configuration. Half-

wavelength open circuited stubs are for bias isolations. The quarter-wavelength

open circuited stubs provide the rf path while maintaining dc isolation. Here, each

diode can be individually biased. Due to this individual bias controllability it is

possible to make minor adjustments in matching diode characteristics as well as

operating points. When the individual biasing is not essential, the two diodes can

also be biased together by a common dc source.
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In this paper, the AIA concept is applied to design a compact and high-

efficiency push–pull PA using a Microstrip antenna. Fig.4.5 shows the schematic of

this circuit. A pair, of IMPATT diodes, is used at the input stage to split the input

power and feed the two FETs with two anti-phase waveforms. At the output stage,

the balanced waveforms provide the proper anti-phase excitation of the antenna,

thereby eliminating the need for a 180-degree hybrid or balun, while simultaneously

achieving a high level of integration with the push–pull PA.

Fig. 4.6/ Simulated Radiation Patterns of Push-pull AIA

4.6. DISCUSSIONS AND RESULT
As mentioned earlier the output, of the diode circuit, contains even

harmonics. The FET amplifiers have a finite bandwidth, i.e. they are band-pass

circuits. Thus the harmonics in their pass-band will be amplified and those outside

will be attenuated. This effectively reduces the harmonic content at the output of the

FET amplifiers. Similarly, the patch antenna, being a high Q device, has a narrow

bandwidth. Thus it will reject the harmonics outside its bandwidth. Thus using this
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circuit we are able to reduce the harmonic content substantially. The remaining

harmonics cancel out each other during the addition, since they are in phase and

added in opposite directions.

Fig.4.7 / Simulated PAE of Push-pull AIA

Fig 4.6 shows the simulated E-plane pattern for the fundamental and 2nd harmonic.

The higher harmonics have very small amounts of power and are not considered

here. It shows that second harmonic cancellation is not perfect. Integration of the

total radiated power of the fundamental and second harmonics estimates the 2nd

harmonic suppression. From this, it is found that the total power in the second

harmonic is about 20 dB down from the fundamental.

 In AIA system, the knowledge of the amplifier PAE is essential. Simulated

PAE is shown in fig. 4.7. Maximum PAE is approximately 55%. It indicates that the

circuit will work properly, and the output power from the two devices will be

combined effectively.
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4.7. ANTENNA INTEGRATION AS SMART LOAD
As Shown in Fig.4.1, Dual- feed antenna is used in the schematic circuit. It

can be elucidated as a three-port structure, where ports 1 and 2 are the antenna

feeds and port 3 is an invisible radiation port. Three conditions must exist if the two-

feed antenna is to be used as an efficient power combiner in a tuned push-pull PA.

First, the antenna must radiate efficiently with acceptable patterns. Second the input

impedance of the antenna should be acceptable for harmonic tuning. Finally,

negligible power should flow from feed port to feed port when push-pull excitation is

applied, which will directly limit the power-combining efficiency. With two distinct

examples, it can be shown that all the conditions can be met so that the power–

combining efficiency will approach 100%. In case of patch antenna the mode

coupling between feeds 1 and 2 will be the Microstrip mode. With push-pull

excitation (odd mode) applied at each feed, the voltage at the center of the patch

must be zero. Therefore, an imperative short circuit exists at the center of the patch

and no net power will be guided between feeds 1 and 2. This begets a standing

wave in the cavity that exactly corresponds to the desired radiation mode of the

fundamental resonance. Therefore, any propagating energy will be directly

transformed into the radiation mode. Since no power will flow between the two feed

ports, losses of antenna will check the power-combining efficiency. In the case of

small antenna losses, the combining efficiency will, therefore, approach 100%.

Since the patch antenna combines phase as well as power, which acts as a load to

the circuit, is called a smart load.
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A supplementary comment due to the narrow bandwidth of the patch is that

the overall system bandwidth is regulated according to the antenna bandwidth.

4.8. CONCLUSION
This chapter discussed architecture for an integrated antenna push-pull

amplifier. Power splitting is accomplished through a pair of diodes. This structure

eliminates the necessity of bulky hybrids, at the input and output, and their

associated losses. PAE simulation indicates high efficiency operation of this novel

push-pull PA. The following chapter discusses some of the short comings of such

AIA and suggests balanced amplifier as an alternative to the push pull amplifier.
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Chapter 5 BALANCED AMPLIFYING ANTENNA

5.1 INTRODUCTION

As discussed in the previous chapter, a solid-state device is integrated with

conformal antenna to form an active integrated antenna. For oscillator type active

antennas, instability is introduced and maintained through proper circuit design. In

contrast to this, stability is the primary criterion in the circuit design of amplifying

type active integrated antennas. The purpose here is to enhance the signal for

transmission or during reception, right on the site of transmission or reception. Thus

in effect the realized gain of the patch is enhanced due to the amplification. High

gain is desirable over a broad band for transmission applications; while good noise

performance with reasonable gain flatness is desirable for reception.

Most high power amplifying antennas contain two independent devices

without any internal transversal connection between them. Invariably these devices

are connected in the push-pull [1] configuration. However they can also be

combined in a variety of configurations created by external components such as

180-degree splitters/combiner (baluns [2]), 3 dB quadrature couplers (like branch

line or Lange couplers), in phase couplers (like Wilkinson couplers), etc. In

microwave circuits the balanced [3] configuration also finds wide application.

Usually the push-pull configuration is used for relatively narrow band commercial

applications from UHF to S-band. Due to its popularity with the circuit designers, it

has been implemented in active integrated antenna. The goal of this chapter is to

compare the push-pull configuration with the balanced one and then design a

balanced amplifying antenna. The next section summarises the push-pull amplifier.
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5.2 PUSH-PULL CONFIGURATION
The microwave push-pull configuration has two independent devices each

admitting an individual signal of half the total power. Its key elements are an input 0-

180-degree power splitter driving two identical devices in antiphase and a 0-180-

degree output power combiner adding the output power of the two devices in the

load. This type of splitter and combiner are known as baluns (BALanced

UNbalanced). They transform [4] a balanced system that is symmetrical with

respect to ground to an unbalanced system with one side grounded. Figure 5.1

shows a schematic block diagram of the push pull configuration.

Figure 5.1/ Schematic of a Push-Pull Configuration

 Such configuration is easier to match, since it gives 4 times higher

impedance [5] in comparison to single ended configuration with same output power.

The virtual ground [5] in such configuration can be utilized for more compact and

simpler matching structures. Inherently it cancels even products and harmonic

contents such as F2 – F1, 2F1, 2F2, F1+F2 etc. However, the baluns can’t

eliminate the input & output powers reflected by the devices. Hence, the input and
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output external match is poor.  Theoretical isolation between the input and output,

with conventional baluns, is 6dB only. This can some times cause instability.

5.3 BALANCED CONFIGURATION
The balanced amplifier employs two quadrature hybrids. Reflections of the

input signals due to poor matching are channelled back to a matched load where

they get absorbed. Same phenomenon occurs at the output port also. Therefore,

theoretically, both at input and output ports one will see matched loads. A schematic

of this configuration is depicted at figure 5.2.

The real advantages of an ideal balanced configuration include good

isolation & hence improved stability; good input & output external matching;

cancellation in the load of products and harmonics like 2F1+F2, 2F2+F1, 3F1, 3F2,

… and attenuation by 3dB of products like F1 ± F2, 2F1, 2F2, …. The

disadvantages incorporate matched load to dissipate power in the decoupled port;

no virtual ground & hence less compact structural realization.

5.4 BALANCED AMPLIFYING ANTENNA
Normally, active integrated antenna amplifier design still follows the

procedure of microwave transistor amplifiers. The only difference being that the

radiating patch acts the load in transmitting case and as source impedance for the

receiving antenna. If Zs is the complex source impedance and Zl is the input

impedance of the patch antenna, then the transducer power gain GT is defined as

the ratio of power delivered to the load Zl to the power available from the source [7].

The expression for GT in terms of Γs and Γl is
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The following subsection gives sample design of a balanced amplifier.

5.4.1 AMPLIFIER DESIGN
The single tone performance of both push-pull and balanced configurations

should be alike. The balanced amplifier has clear edge over the push-pull

counterpart in terms of the output impedance matching. It is also more stable due to

good isolation between its input and output sides. These characteristics have
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inspired us to consider a balanced configuration for the active antenna instead of

the push pull configuration.

Figure 5.2/ Schematic of Balanced Amplifier

The simplest design considers a balanced amplifier with a 50 ohm load. This

amplifier is simulated using Microwave Office [6]. The design parameters are shown

in Table 5.1. In this range, the AT31011 [9] exhibits good stability. Figure 5.3 shows

the input & output stability, NF and gain circles under different bias conditions.  The

schematic of the design follows in figure 5.4.

The biasing condition of t310113c offers better noise figure and gain along

with comparable stabilities. Hence, this was selected. First a single ended amplifier

was designed. Using the optimization feature of the Microwave Office, the amplifier

was designed for optimized gain and noise figure. Then the balanced amplifier was

implemented using the additional components given in Table 5.2 and microstrip

lines for tuning (single stub) on a substrate for which specifications are given in

Table 5.3.
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Figure 5.3/ Input/Output Stability, Gain Circles & Noise for various bias

Table 5.1: Design Parameters

Operating
Frequency

Gain Noise
Figure

Bandwidth* Bias Point
(t310113c)

2.4 GHz >10dB <2dB 200 MHz VCE=2.7V
IC = 5mA

*For gain variation within 1 dB
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Table 5.2: Other Components of the Balance Amplifier

Component Type Frequency Power Impedance
1A1306-3 Surface mount

hybrid coupler
1.9 – 2.7 GHz 60W

RFP-050060-
15X50-2

Terminator 0 – 6 GHz 4W 50 Ohms

Table 5.3: Substrate Parameters

εr tanδ Substrate
Thickness

Metallization

2.94 0.0025 60 mil 1.4 mil
Copper

Figure 5.4/ Design Schematic of Balanced Amplifier

From figure 5.5 for the VSWR, the matching at the input and output ports

over the desired frequency band is observed to be excellent. The performance of

the amplifier is observed in figure 5.6 for the noise figure and the gain. Both these

observations indicate a satisfactory design.
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Figure 5.5/ VSWR at the input (#1) and output (#2) ports.

Figure 5.6/ Response of Balanced Amplifier
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5.4.2 SINGLE FEED ACTIVE ANTENNA
The next step is replacement of the 50-ohm load at the output by a patch

antenna. A rectangular patch antenna was designed to resonate at 2.4 GHz on the

above mentioned substrate for ease of integration. The length and width of the

antenna were found to be 1753.1 mil and 1409.5 mil. It is inset fed with a 50 ohm

microstrip line through a distance of 459.4086 mil from the centre of the radiating

edge to obtain 50 ohm input impedance at the design frequency of 2.4 GHz. Figure

5.7 shows this antenna. The results of this preliminary design are shown below in

figures 5.8 for the S-Parameters and figure 5.9 for the noise figure and gain. The

antenna radiation pattern is shown in figure 5.10.

Figure 5.7/ Inset Fed Patch Antenna (1753.1 mil X 1409.5 mil; inset depth

459.4086 mil)
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Figure 5.8/ S-Parameter for Balanced Amplifying Rectangular Patch Antenna

Figure 5.9/ NF and Gain of Balanced Amplifying Rectangular Patch Antenna
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Fig. 5.10/ Radiation pattern of mono-fed Balanced Amplifying Antenna (Red line Eθ

and green line Eφ)

The isolation between the two sides of the amplifier is observed in figure 5.8.

It is also seen that the antenna is properly matched (S22 around -22dB) at the

desired frequency of 2.4 GHz. The noise factor is slightly more than 2.21dB, where

as the gain is more than 10dB. The radiation pattern at 2.4 GHz is undistorted,
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which suggests that the antenna is radiating in its dominant mode and the radiation

is not contaminated by harmonic interferences.

5.4.3 DUAL FEED ACTIVE ANTENNA
The inherent disadvantage with the balanced amplifier is the use of the

matching load on the return path. This section examines the possibility of

elimination of this load from the output port, using dual feed concept. It will also

discusses the results obtained using this concept.

As is well known, the output from the two amplifiers differs by 90 degree in

phase. We propose to use the rectangular patch antenna with orthogonal inset

feeds at two different points, as shown in figure 5.11. The feeding microstrip lines at

these places differ by quarter-wave length. Thus the feed will inherently introduce a

phase difference of 90 degree. This throws a challenge in antenna design, because

of the mutual impedance of between the feed lines. Due to the existing mutual

impedance, electrical isolation of the feed lines becomes a daunting task. The

following procedure is adopted for this design.

First the amplifier is designed for a 50 ohm termination. Then the antenna is

simulated. The starting point assumes no mutual coupling between the feeding lines.

So to guess the feed points we calculate the position where the self impedance

shall be 50 ohms. Then a simulation is done and S-Parameters are found out. Then

by trial and error method, the feed positions were continuously changed. The next

step is the use of the antenna as an integral part of the balanced amplifier. For this

the antenna is assumed to be a three port device, with two input ports (to be
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connected to the amplifier output) and an imaginary output port matched to free

space. Then S-parameters for a three-port circuit are generated, using the S-

parameter information of the input ports and the imaginary output port. This S-

parameter file is then used for simulation in the Microwave Office. This is used as a

three port sub-circuit. The two input ports are connected to the amplifier and the

output port is terminated on a 376.6 ohm port. Figure 5.12 (a) and 5.12(b) show the

S-parameters at these three ports and between them respectively.

Fig. 5.11/ Orthogonally Dual Fed Patch Antenna

Fig. 5.12(a)/ S-Parameters of the Equivalent Three Port for Antenna at each port
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Fig. 5.12(b)/ Equivalent Three S-Parameters of Port for Antenna between ports

The simulation schematic is shown in the figure 5.13 below. The results of

the simulation for the gain and noise figure between the port 1 and port 2 are shown

in figure 5.14. The radiation pattern of the dual fed antenna is shown in figure 5.15.

It is observed that the patterns of the mono-fed and dual fed antennas are identical.

It suggests the same mode is being excited in both the cases and harmonics are

not interfering. The reason for this can be that the antenna due to its symmetry has

two distinct locations for excitation of the desired mode. By design optimization,

these locations are being used for feeding. The 90 degree phase shift between the

outputs from the two ends of the balanced amplifier is being cancelled out due to

use of additional quarter-wave length on one of the feeding lines of the antenna.
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Fig. 5.13/ Simulation Schematics of the Dual Fed Balanced Amplifying Antenna

Fig. 5.14/ Gain and Noise Figure of the Dual Fed Balanced Amplifying Antenna



77

Fig. 5.15/ Radiation pattern of dual-fed Balanced Amplifying Antenna (Red line Eθ

and green line Eφ)

5.5 Conclusion
This chapter considered both push-pull and balanced amplifiers and compared

their characteristics. It was found that both have relative merits and demerits.

Considering the merits of the balanced amplifier, we tried to test that configuration

for amplifying antenna, which has been found to be successful.
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For implementing the balanced amplifying antenna, first a balanced amplifier

was designed. Its characteristics were observed for noise factor and gain. Then an

inset fed rectangular antenna was used to replace the 50 Ohm matched termination

in the output port of the hybrid coupler. Again the noise and gain characteristics

were observed.

At the end, the hybrid was replaced by a dual fed patch antenna. First the

dual fed patch antenna was designed and optimized to minimize the coupling

between the two ports. Then the antenna ports were connected to the out put ports

of each amplifying device. The antenna in this case behaves like a hybrid terminator,

connected to free space via a virtual 376.6 Ohms port. For termination in the free

space, a port of impedance 376.6 Ohms was used to terminate the system. The

noise factor and gain were then measured.

In all the cases it was observed that it is not possible to obtain minimum

noise figure and maximum gain simultaneously.
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Chapter 6 BALANCED AMPLIFYING ANTENNA FOR 
CIRCULAR POLARIZATION 

6.1 INTRODUTION 
The previous chapter started with two important amplifying techniques for 

use in active integrated antenna. Their relative advantages and disadvantages were 

discussed. Also, it was noted that the push-pull configuration has wide applications 

in the active integrated antenna. The balanced amplifying antenna was then 

suggested as an alternative to the push pull antenna due to its better isolation 

between the input and output ends as well as superior matching properties. 

In this chapter, we consider another important application for which the 

balanced amplifying antenna is naturally more suitable than the push-pull amplifying 

antenna. The polarization is an important aspect of the antenna technology. There 

are many practical situations, which require circularly polarized antenna.  

The outputs of the balanced amplifier are 90 degree apart in phase and hence it can 

be a suitable candidate for active circularly polarized antenna. This concept is used 

in this chapter; which starts with circularly polarized antenna. 

6.2 CIRCULARLY POLARIZED ANTENNA 
The inherently antenna radiates elliptically polarized waves; linear 

polarization being a particular case of it. The elliptical polarization is characterized 

by three quantities: axial ration, tilt angle and the sense of rotation [1, 2]. For linear 

polarization, the axial ration is zero or infinite while the tilt angle gives its orientation. 

Circular polarization is obtained for unit axial ratio, where the tilt angle losses its 
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meaning. Thus the quality of circularly polarized wave is determined by the axial 

ratio [3]. 

Antennas can give circular polarization if two orthogonal components with 

equal amplitude but in phase quadrature are radiated. A patch antenna capable of 

supporting two orthogonal modes in phase quadrature simultaneously or an array of 

linearly polarized patches with proper orientation and phasing is capable of 

producing circular polarization. This chapter considers both these structures 

simulated using Microwave Office and IE3D. The next section considers a single 

element circularly polarized patch antenna. 

6.3 DUAL ORTHOGONAL FED ACTIVE CP PATCH ANTENNA 
We consider a square antenna with dual inset feeds on orthogonal sides of 

the patch. Unlike in conventional passive square antenna with dual orthogonal 

feeds, the feed structure does not introduce the 90-degree phase shift here. The 

reason for this lies in the amplifying system, which produces outputs, which are 90 

degree out of phase. The schematic of the dual fed patch antenna is shown in figure 

6.1. The physical parameters of the antenna for the design frequency of 2.4 GHz 

are given in Table 6.1. 

 

Fig. 6.1/ Dual fed Square Patch Antenna 

Table 6.1: Physical parameters of the dual fed patch antenna 
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Patch 
Size  

Feed 
length 

Feed 
width 

Feed 
gap 

εr tanδ Substrate 
Thickness 

Metallization

1.416X103 

mil 
507.1609 
mil 

75.473 
mil 

39.37 
mil 

2.94 0.0025 60 mil 1.4 mil 
Copper 

 

The S-parameter of the feeding port #1 and the polar radiation pattern of the 

antenna are shown in figures 6.2 and 6.3 respectively. 

 

Fig. 6.2/ S-Parameter of dual Fed square patch antenna 
 

 

Fig. 6.3/ Elevation Pattern Directivity (dBi) [Outer E-Theta; Inner E-Phi] 
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Fig. 6.4(a)/ Axial Ratio of dual fed patch (Phi = 0 plane, 2.4 GHz)  

 

Fig. 6.4(b)/ Axial Ratio of dual fed patch (Phi = 90 plane, 2.4 GHz) 

It is to be noted that the design frequency for the antenna was 2.4 GHz. 

However, the antenna was optimized to minimize the coupling between the feeding 

ports, subsequently found to resonate at 2.507 GHz. This is evident in figure 6.3, 

which is for the port 1. The plot for the port two is exactly the same, and hence is 

not shown here, because on the plot they will be indistinguishable. Figure 6.4 (a) & 

(b) depict the axial ratio at the design resonant frequency (i.e. 2.507 GHz) of the 

dual fed patch antenna. It is to be noted that both the feed are at the same phase 
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and hence no orthogonal feed. This is the reason for high axial ratio, which means 

the antenna does not radiate circular polarization wave, although all its four edges 

are radiating simultaneously. 

 The S-parameters of this two-port antenna were stored in a separate file. 

Then a power combiner was simulated. The S-parameter of the two input ports and 

the output port were set so that the input impedances at these ports are 50 ohms, 

50 ohms and 376.6 ohms respectively. Once this power combiner was designed, its 

S-parameters were compared with those of the antenna S-parameters at 2.507 GHz 

for the two input ports. Then the S-parameters of the combiner were scaled to these 

S-parameters at 2.507GHz frequency. The same procedure was followed for other 

frequencies in the 2.49 – 2.53 GHz band. Thus the power combiner with the scaled 

S-parameters can be assumed to simulate the antenna. This is due to the 

assumption that this antenna has two input ports and one imaginary fictitious output 

port of impedance 376.6 ohms, through which it radiates to free space. 

 This power combiner is then used with the balanced amplifier at the output 

port. The schematic of this simulation is shown in figure 6.5 below. The design of 

the balanced amplifier used here is the same as given earlier in chapter 5 earlier. 

The simulated result for the noise figure and the gain of the amplifier are shown in 

figures 6.6. It is observed that the total gain of the system at 2.5 GHz is 5.21 dB. 

The noise figure at the same frequency is -11.3 dB. It suggests that the noise figure 

is within the design value of 2dB. In other words the system is working as LNA in 

this case. The reason for this can be good isolation between the feeding ports to the 
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antenna. This system will be immune to the spectral impurity, since the antenna 

being high Q component posses a narrowband to support any harmonic 

meaningfully. The problem of spectral purity can arise if a broadband antenna is 

used instead.  

 The polar radiation pattern of the antenna for both LHCP and RHCP is 

shown in figure 6.7. Figure 6.8 depicts the axial ratio in the given band for the dual 

fed CP patch antenna. It is to be noted that there exists a phase difference of 90 

degree between the two feed, inherently due to the balanced amplifying stage 

preceding the patch. This is the reason for lower axial ratio, which means the 

antenna is radiating circular polarization wave due to simultaneous radiation from its 

four edges with proper phasing.  

 

Fig. 6.5/ Schematic of the Balanced Amplifying CP Antenna Simulation 
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Fig. 6.6/ NF and GT of the Balanced Amplifying CP Antenna 

 

Fig. 6.7/ Radiation pattern of the CP antenna 
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Fig. 6.8/ Variation of AR with frequency for dual fed CP antenna 

 Figure 6.9 shows the efficiency variation with the frequency. It is observed 

here that the antenna efficiency is around 87% at 2.49GHz, which drops down 

beyond this frequency. However the radiation efficiency remains almost constant at 

90%.  

 

Fig. 6.9/ Efficiency of the Dual Fed CP Antenna 
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 Figure 6.10 shows the gain of the stand-alone dual fed antenna for circular 

polarization. It is observed that it is maintained at around 6 dBi throughout the 

designated band. 

 

Fig. 6.10/ Gain of the dual fed CP antenna 

6.4 SEQUENTIALLY FED ACTIVE CP ARRAY ANTENNA 
In this section we consider a planner arrangement of the patch antenna 

elements to form an array. Each element in the array is linearly polarised. The 

phase of the feeding in the array increases progressively from 0 degree to 270 

degree. In other words the elements are uniformly distributed in each of the phase 

quadrant by such a feeding arrangement. Thus the phase quadrature part is taken 

care off. This leaves us with the problem of orthogonal radiating elements. To 

achieve this we will consider only four elements, arranged at the four corners of a 

square domain. The manner of arrangement is such that each antenna sees its 
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adjacent ones to be radiating from an edge orthogonal to its edge of radiation. To 

achieve this, each antenna is rotated by 90 degree sequentially. The schematic of 

the arrangement is shown in figure 6.11. 

 

Fig. 6.11/ Sequentially Rotated Array for CP 

 The physical parameters for this array are shown in the table 6.2. The 

substrate parameters are the same as those of the square patch discussed in the 

above section.  

Table 6.2: Physical Dimension of Array 

Patch Width Patch Length Inset feed depth Gap between 
adjacent edges 

1753.1 mil 1409.5 mil 459.4086 mil 602.346 mil 
 

 This array is first tested for its performance. The design frequency for this 

array was 2.4GHz. However, the arrangement was optimized to maximize the 

antenna efficiency. The variation of efficiency with frequency is depicted in figure 

6.12. It is observed that the frequency for highest gain is 2.36GHz.  
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Fig. 6.12/ Variation of efficiency with frequency for sequentially rotated array 

 The elevation gain patterns for both RHCP & LHCP are shown in figure 6.13. 

Figure 6.14 shows the variation of axial ratio and figure 6.15 shows the variation of 

gain with frequency. It is observed that the gain remains almost constant at 8dBi 

over the frequency band; whereas good axial ratio (AR = 2.4) is obtained for 2.37 

GHz. 

 

Fig. 6.13/ RHCP & LHCP pattern for the sequentially fed array 
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Fig.6.14/ Axial Ratio variation with frequency 

 

Fig.6.15/ Gain ~ Frequency Characterization 

As per the above discussion, the elements of the array are to be sequentially 

fed with progressive phase shifts. On the other hand the balance amplifier has two 

output terminals. It means it is necessary to generate two more terminals, in such a 

manner that 00 – 900 – 1800 – 2700 degree phase shift across the terminals can be 

realized. Additional amplification is necessary to compensate for non-radiating 

losses like conductor loss, dielectric loss, etc. This can be done by combination of 
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hybrids. First a 00 – 1800 hybrid is taken. Each of its output is then connected to 00 -

900 hybrids. Then from the 00 end 00 – 900 phases will be obtained. Similarly from 

the 1800 end 1800 – 2700 phases will be obtained. A pair of balanced amplifier is 

used at each of the ends, i.e. 00 – 900 phase-ends and 1800 – 2700 phase-ends. 

The outputs from the balanced amplifiers are then accordingly connected to the 

antennas. The schematic of microwave simulation is shown in figure 6.16.  

 

Fig. 6.16/ Amplifying Sequential fed CP antenna Schematic 
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 The details of phase splitter connected to the port #1 are shown in figure 

6.17. It contains a 1800 and two 900 hybrids as discussed earlier. The equivalent 

sub-circuit for the antenna array models the four antennas as lossless coupled 

transmission lines gap coupled to another transmission line of characteristics 

impedance 376.6 ohms. The transmission lines representing the antenna are 

designed in such a manner that their input impedances are equal to the input 

impedance of the corresponding antennas. The design is similar to that of the power 

combiner explained earlier.  

 

Fig. 6.17/ Sub-circuit of Phase Splitter  

 The gain and noise figure of the balanced amplifying sequentially fed circular 

polarized antenna is shown in figure 6.18. It can be noticed that compared to the 

dual feed case; the noise figure is considerably reduced here to be less than -19 dB. 
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This is within acceptable design limit. The gain is also between 6.3 to 6.5 dB. The 

reason for this can be the use of a pair of balanced amplifier. 

 
Fig. 6.18/ NF & GT of Sequential Fed Balanced Amplifying CP Antenna 

6.5 CONCLUSION 
This chapter exploited the use of balanced amplifier for design of active 

circularly polarized antenna. Two different configurations were considered. It was 

observed that sequentially fed array gives better performance than the dual fed 

antenna, as far as the noise figure and gain are concerned. However as stand alone 

circularly polarized antenna their performances do not vary very much. The design 

complexities in both the cases are involved. Neither there is any closed form 

formulae nor is a defined procedure to follow for keeping the mutual coupling 

between the ports to minimum. This is to be achieved by trial and error and hence is 

the most difficult part in the whole design process. 
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Chapter 7 CONCLUSION AND FUTURE SCOPE 

7.1 INTRODUCTION 
This treatise embodies the results and the procedure of the endeavour of the 

author towards contribution to incremental knowledge on amplifying type active 

integrated antenna. It contains seven chapters, including this as the last chapter.  

This chapter describes in details the technical difficulties encountered during 

carrying out of this work; and hence suggest open areas related to this work. Before 

proceeding further, it summarizes the work carried out in relation to this thesis. 

7.2 SUMMARY OF THE WORK DONE 
The introduction chapter described the motivating factor for carrying out this 

work. In that process, it outlined the present and future communication systems 

requirements. Accordingly, the outline of the study was worked out, with brief 

description of what is to be expected in each of the chapter following the chapter 

one. 

The second chapter reviewed the microstrip antenna technology. In particular 

it focused on the rectangular microstrip antenna. The working principle and CAD 

formulations were presented along with available results in the literature. 

The active integrated antenna is an objective shift in the antenna research. 

This was the focus of the third chapter. It dwelt upon various types of definitions for 

the active integrated antenna for their appropriateness. Then it classified the AIA in 

to various categories. It also discussed various types of AIA excluding the 

amplifying type active integrated antenna. 
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It is evident from the available literature that the amplifying active integrated 

antenna has not been investigated much due to various reasons, except for the 

case of spatial power combining arrays. The fourth chapter took up this area and 

presented some of the recent developments. It also suggested an improved design 

[1 – 3] for the push-pull type active integrated antenna, using diode amplifiers as the 

first stage in place of passive splitters. 

The focus on amplifying antenna is mostly on use of power amplifier. The 

push-pull amplifying circuit is very popular in this area, and hence most of the 

research is directed in this area. The fifth chapter compared the push-pull 

configuration with the balanced configuration, and suggested the use of the later for 

AIA. Thus the Balanced Amplifying Antenna concept [4] has been incorporated into 

this chapter. 

The sixth chapter dealt with an area, which has got least attention. It dealt 

with circularly polarized active integrated antennas. It reasoned out the natural 

suitability of the balanced amplifier for this type of antenna. It suggested two types 

of balanced amplifying CP antennas: the dual fed antenna [5] and the sequentially 

fed [6] balanced amplifying antenna. 

7.3 FUTURE SCOPE 
The investigation has been limited mostly to theoretical study due to lack of 

experimental facilities. Detailed experimental studies can be taken up at a later 

stage to find out a design procedure for balanced amplifying antennas. 
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The UWB technology is gaining attention now a day. It requires broadband 

antennas. Suitable modification in the design technology to design UBW antennas 

will be another challenging job. 

Exploiting the suitability of metamaterials based active integrated antenna 

can be another interesting area. Similarly realization of adaptive and smart 

antennas in active antenna configuration can be investigated in future. 

The list of opportunities is endless if there is scope and perseverance.  
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