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FOREWORD 

This report summarizes the research activities carried out in the Electromagnetics and 

Microwave Laboratory, Department of Electrical Engineering, Texas A & M University. 

The project was sponsored by the U.S. Army Research Office under contract No. DAAL03- 

89-K-0085. The period of performance was from April 1, 1989 through June 30, 1992. The 

topics of investigation included active antenna elements, spatial power combining and 

injection-locking, quasi-optical components, novel planar slotline and coplanar waveguide 

circuits, and other circuit developments and analyses. 
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1.   Introduction and Problems Studied 

For the past decade, microwave/millimeter-wave activities have been accelerating for 

both civil and military applications including telecommunications, radar, sensors, seekers, 

navigation, remote sensing, electronic warfare and space technology. These applications 

have created the urgent need for low cost, high performance solid-state integrated systems 

using planar integrated circuit technology. These integrated systems normally consist of 

high power transmitters, low noise receivers, antennas, and control devices. To lower the 

losses and cost, quasi-optical technique is attractive for millimeter-wave frequencies. In 

many applications, frequency agility is required, and electronic tunability of the system is 

desirable. The output power from a single active solid-state device is limited by funda- 

mental thermal and impedance problems. To meet the high power requirements for many 

applications, it is necessary to combine many devices to achieve high power output. 

Combining power from many active devices is a difficult task at millimeter-wave fre- 

quencies due to the moding and size problems [1]. The maximum number of devices that 

can be combined in a conventional resonant or hybrid-coupled power combiner decreases 

as the operating frequency is increased. To overcome these problems, spatial and quasi- 

optical power combining techniques have been proposed to combine power in free space at 

high frequencies [21. In these combiners, the active device is integrated with a radiating 

element to form an active element. Many of these active elements are then combined in 

free space or in an open resonator. For efficient power combining, all source elements must 

be coherent in phase and frequency. Injection-locking through open resonator, space or 

mutual coupling can be used to achieve the coherency. 

In addition to application in active antenna elements and power combiners, quasi- 

optical techniques can be used for filters, receivers, detector or imaging arrays, power 

conversion arrays, etc. The techniques are especially attractive for millimeter-wave fre- 

quencies due to the advantages of low cost, large size and good performance. Several 

quasi-optical components were developed with excellence performance under this project. 

Along with the research of the quasi-optical components and spatial power combining 

techniques, work was also carried out on the novel planar slotline and coplanar waveguide 



circuit developments. The slotline and coplanar waveguide have the center conductor and 

ground planes on the same side of the substrate. They are truly uniplanar microwave 

integrated circuits that have advantage of easy implementation of solid-state devices. 

Although most of our experimental work was concentrated at microwave frequencies, 

the circuits and analyses developed can be applied to millimeter-waves. The problems 

studied and major accomplishments made are summarized below: 

1. A single active radiating element with a Gunn diode mounted directly on the mi- 

crostrip path antenna has been developed with over 9 percent electronic tuning range. 

2. A spatial power combiner has been demonstrated in free space with over 90 percent 

combining efficiency using two directly integrated Gunn-patch antenna elements. 

3. A spatial power combiner has been demonstrated using two aperture coupled mi- 

crostrip antenna elements. 

4. Injection-locking has been achieved for spatial power combiners through space and 

mutual coupling. 

5. An active radiating element using an FET source integrated with a microstrip patch 

antenna has been developed. 

6. Active planar notch antenna elements were invented with a wide electronic tuning 

bandwidth. A power output of 14.5 ± 0.8 dBm over a tuning range from 8.9 to 10.2 

GHz was achieved. This is equivalent to 14 percent of electronic tuning bandwidth. 

The circuit is small and can be fabricated at low cost. 

7. Power combining of two varactor-tuned active notch antenna elements has achieved 

over 70% combining efficiency through the 14% tuning range. This is the first varactor 

tunable power combiner ever reported. 

8. An integrated active antenna using annular ring microstrip antenna and Gunn diode 

was demonstrated with over 70 mW output power at 7 GHz. 

9. An integrated image-line steerable active antenna was demonstrated with a 2 percent 

electronic tuning range corresponding to a frequency steerable range of 4 degrees. 

10.  A quasi-optical rectifying antenna was developed at 35 GHz with over 39 percent RF 

to DC conversion efficiency. The device was designed as a large-signal detector. 



11. A quasi-optical filter was used to reduce the second harmonic radiation of the rectifying 

antenna. 

12. A low loss quasi-, ^tical open resonator filter was devised using a Fabry-Perot resonator 

and a narrow slot opening in the coupling waveguide. The filter has an insertion 

loss of less than 1 dB and should have applications in many millimeter-wave and 

■submillimeter-wave systems. 

13. Electronically switchable and tunable coplanar waveguide-slotline bandpass filters 

were invented with over 20% electronic tuning range. These active filters should 

have many applications in radar, communications and EW systems. 

14. A novel varactor tunable coplanar waveguide Gunn VCO was invented with 300 MHz 

tuning range at 10 GHz. The circuit is small, lightweight and offers low cost, good 

reproducibility and excellent performance. 

15. A coplanar waveguide fed slotline ring resonator was invented using varactor diodes 

to create an electronically tunable planar resonator and filter. The resonator has over 

23% tuning range and 4.5 ± 1.5 dB of insertion loss. 

IG.   A multiple dielectric structure was studied for conductor-backed coplanar waveguide 

to suppress the leakage effects. 

! 7.  A simple microstrip to dielectric waveguide transistion has been developed with an 

insertion loss of less than 1 dB. 

IS.   An optimum dielectric overlay thickness was found for achieving the equal even- and 

odd- mode phase velocities in coupled microstrip lines.   A theoretical analysis based 

on variational method was developed. 

19. An analysis was developed to calculate the susceptance due to a wide inductive strip 

and a wide resonant strip. The theory was based on a variational method and moment 

method. 

20. A novel resistance measurement technique was devised to characterize high-temperature 

superconducting materials at microwave frequencies. The method uses a floating res- 

onant strip and the measurement agree very well with the theoretical prediction. The 

technique can be used for both bulk and thin-film materials. 

21. A simple low cost microwave/millimeter-wave impedance measuring technique using 



a three-probe microstrip circuit was developed. The method provides good accuracy and 

ease of calibration. 

2.   Active Antenna Elements 

In an active antenna, an active solid-state device is directly integrated with a planar 

antenna. The circuit can be used as a low cost, small transmitter. Many of these elements 

can be aligned to form a spatial or quasi-optical power combiner. Under this project, we 

have developed active antenna elements using path, notch, annular ring, and image-line 

antennas. The solid-state devices used were Gunn devices and FETs. 

2.1 Active Patch Antenna Elements 

A Gunn diode was integrated with a patch antenna as shown in Figure 1. The place- 

ment D of the active device was chosen as such that the device impedance was matched 

to the input impedance of the patch. The output power was calculated using Friis trans- 

mission equation. 

At X-band, a 3 dB tuning range of 839 MHz was achieved from 9.278 to 10.117 GHz 

using bias tuning. This tuning range is equivalent to a 9 percent bandwidth, which is much 

wider than that of a single passive patch. The results are summarized in the literature [3) 

(See Appendix 1). 

Integration of an FET device with a patch antenna was also demonstrated earlier 

[4j. The circuit is shown in Figure 2. The circuit consists of a patch antenna, an FET, 

and matching and bias circuits. The oscillator is formed by placing a frequency selective 

network, such as a resonator which is a patch antenna, in the feedback loop of an amplifier. 

If the feedback is positive at the operating frequency, oscillation occurs. The patch acts as 

both a resonator and radiator. 

2.2 Active Notch Antennas 

The use of a notch antenna has many advantages of broad bandwidth, beamwidth 

design flexibility, relative high gain, and easy active device integration. Figure 3 shows 

the varactor-tunable active notch antenna integrated witn a Gunn diode [5]. The circuit 

exhibits a tuning bandwidth from 8.9 to 10.2 GHz with an output power of 14.5 ± 0.8 



N  L ►! 

DC Bias Line 

Figure 1.   An active patch antenna integrated with a Gunn device 
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Figure 2.   An active patch antenna integrated with an FET device 

Figure 3.   An active notch antenna integrated with a Gunn VCO 



dBm. This is equivalent to over 14% tuning bandwidth. The results are given in the 

literature [5] (See Appendix 2). 

2.3 Active Annular Ring Microstrip Antennas 

The use of an annular ring antenna integrated with a Gunn device was investigated 

[6]. The circuit is shown in Figure 4. A computer program based on theoretical analysis 

was used to determined the placement location of the Gunn diode for optimum impedance 

matching. A passive ring was first built and tested to verify the design procedure. Injection- 

locking the active antenna was achieved using an external source. 

2.4 Active Image-Line Antennas 

At high frequencies (above 100 GHz), conductor losses become notable and microstrip 

circuits become so small that using microstrip is difficult. To overcome the radiative and 

conductor losses, an active image-line grating antenna was proposed. A Gunn diode was 

placed in an image-line grating antenna with a resonant cap as shown in Figure 5 [7]. A 

varactor was placed between the Gunn and the shorted end of the oscillator, as close as 

possible to the Gunn. The varactor gave 1% tuning bandwidth which corresponds to a 4 

degrees beam scanning. 

3.   Spatial Power Combining and Injection-Locking 

The spatial power combiner utilizes the correct phase relationship of many radiating 

elements to combine power in free space. For efficient combining, all the source elements 

must be coherent in phase and frequency. Injection-locking technique can be used for 

frequency alignment. Feasibility of injection-locking and power combining of using a two- 

element array has been established. 

3.1   Combiners Using Active Patch Antenna Elements 

Figure 6 shows a two-element power combiner. The two active devices in the two- 

element array injection-locked each other through mutual coupling. Injection-locking could 

also be achieved using an external source. A combining efficiency of over 90 percent has 

been successfully demonstrated [1] (See Appendix 1). 
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Figure 4.   An active annular ring antenna integrated with a Gunn device 
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Figure 5.   An active image-line grating antenna integrated with a Gunn VCO 



3.2   Combiners Using Active Notch Antenna Elements 

To demonstrate the feasibility of broadband, tunable power combiners, two active 

notch antennas were set up in a broadside array at A/4 separation. The active notch 

antenna elements were injection-locked to each other through mutual coupling. Power 

combining experiments of two injection-locked, varactor-tuned active notch antennas were 

conducted throughout the electronic tuning range at 100 MHz increment over a 1.3 GHz 

bandwidth at X-band. All power calculations were based on the Friis Transmission Equa- 

tion. The increase in gain of the notch and the array beam sharpening has been included 

in the calculation. Over 70% combining efficiency was observed throughout the varactoi 

tuning range. These results represent the first varactor-tunable power combiner over a 

wide tuning range reported in literature [5] (See Appendix 2). 

A four-element and a sixteen-element array using FETs are currently under develop- 

ment. Preliminary results showed good combining efficiency. 

4.   Quasi-Optical Components 

Many components can be built using quasi-optical techniques. At millimeter-wave 

frequencies (above 100 GHz), the quasi-optical components have many advantages of low 

cost, low losses, high performance, and ease of fabrication. 

Under this project, several useful quasi-optical components have been developed. 

These include a 35 GHz rectifying antenna, a frequency selective surface filter, and a 

low loss Fabry-Perot resonator. 

4.1   35 GHz Rectifying Antenna 

A quasi-optical rectifying antenna (rectenna) converts the RF power into DC power. 

It could be used in microwave power transmission or in microwave imaging array. 

The basic structure of a rectenna is shown in Fig 7. The low pass filter inserted 

between the antenna and rectifying circuit is designed so that the fundamental frequency 

can be passed and a significant portion of the higher order harmonics generated from the 

nonlinear rectifying circuit be rejected back to the rectifying circuit. The rectifying circuit 

consists of an single diode shunt-connected across the transmission lines. 
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The basic principle of the microwave power conversion by this rectifying circuit is 

analogous to a diode clamping circuit or a large signal mixer at microwave frequencies. 

The power conversion efficiency is maximized by substantially confining all the higher order 

harmonics between the low pass filter and the DC pass filter, using an efficient diode and 

matching the diode's input impedance to antenna's input impedance. 

A GaAs Schottky diode (Model DMK6606, Alpha Industries) used in Ka-band mixers 

was selected for the 35 GHz rectenna. A 35 GHz rectenna was designed using a microstrip 

dipole as the antenna element. The input impedance of the dipole as an element in an 

infinite array was calculated using Method of Moment. The impedances calculated from 

the fundamental frequency to the seventh order harmonic were used as an input data file 

to LIBRA. The length and the width of a resonant dipole at the fundamental frequency 

have been determined as 0.46 A0 and 0.02 A0 respectively. The effective impedance of the 

diode was assumed to be 50 Q considering that the output DC voltage should be less than 

4.5 volts (half of Vj,r) with an operating power level of 100 mW. 

Figure 8 shows the circuit layout for the 35 GHz rectenna. Over 39% conversion 

efficiency was achieved. The results agreed fairly well with the theoretical prediction using 

a nonlinear circuit analysis [8] (See Appendix 3). 

4.2   Frequency Selective Surface Filter 

Frequency selective surfaces (FSS) have been used for a number of applications in- 

cluding reflector antenna systems and dielectric radome designs. A new application of an 

FSS is to reject the harmonics produced by a rectifying antenna (rectenna). A rectenna is 

a receiving antenna that converts a microwave beam into useful DC power. Harmonics of 

significant power levels are produced by a diode that converts the RF to DC power. This 

harmonic power is then radiated into free space which may cause potential problems. If 

the rectenna were placed abroad a satellite, the harmonic radiation could interfere with 

communication signals. It is desirable to suppress these harmonics by use of an FSS. 

A gridded square FSS has been developed to act as a band stop filter. The filter was 

placed in front of a rectifying antenna array as shown in Figure 9. The filter was designed 

to pass the fundamental frequency and reject the harmonics. 

II 



Figure 8.   35 GHz rectenna circuit layout 

Figure 9.   A rectenna array integrated with a frequency selective surface 
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4.3   Low-Loss Open Resonator Coupling and Filters 

Fabry-Perot or open resonators have been used at microwave/millimeter-wave fre- 

quencies for diplexers, dielectric characterization, antennas, and power combining. Few of 

these applications have addressed the problem of efficiently coupling power into and out 

of an open resonator. 

For a Fabry-Perot resonator to be made into a useful device, a method of coupling 

power into and out of the resonator must be devised. Previous methods employed include 

meshes, small apertures, waveguide apertures, dielectric launchers, and microstrip patch 

antennas. Most of these methods introduce high losses due to poor coupling efficiencies. 

To overcome this problem, a novel, simple, and low-loss coupling method using narrow 

slots was developed. The feed for the antenna is a waveguide opening covered by a thin 

half-wavelength resonant slot. The results show that the slot is a very efficient method for 

coupling power into and out of an open resonator and that this coupling method can be 

used to build a low-loss filter. 

Figure 10 shows an open resonator bandpass filter built using this coupling mechanism. 

An insertion loss of less than 1 dB was achieved for the passband. The filters should have 

applications in many millimeter-wave and submillimeter-wave systems [9]. 

5.   Novel Planar Slotline and Coplanar Waveguide Circuits 

In recent years slotline and coplanar waveguide (CPW) have emerged as an alternative 

to microstrip in microwave and millimeter-wave integrated circuits (MIC). The fact that 

the center conductor and ground planes are on the same side of the substrate allows series 

and shunt connections of passive and active solid-state devices. Use of CPW also avoids 

the need for via holes to connect the center conductor to ground which should help to 

reduce processing complexity and increase yield in monolithic implementations. 

Several novel slotline and CPW components have been developed under this project. 

These include a tunable filter, a switchable filter, a Gunn VCO, and a tunable ring res- 

onator. The details are given in the following. 

13 
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5.1 Coplanar Waveguide Tunable and Switchable Filters 

A novel coplanar waveguide (CPW)-slotline bandpass filter and a microstrip-to-slotline 

transition has been developed. The circuit is fully planar and allows easy integration of 

active and passive semiconductor devices in series and in shunt. To test the filter, a new 

microstrip to slotline transition was designed and two of these transitions exhibited an 

insertion loss of less than 1.0 dB over the 2.0 to 4.0 GHz range. 

Figure 11 shows the schematic diagram of the switchable filter with three sections and 

three PIN diodes. Each section consists of a CPW resonator. For the tunable filter, the 

PIN diodes were replaced by varactor diodes. 

The three-section CPW-slotline bandpass filter demonstrated an insertion loss of less 

than 0.2 dB over a 300 MHz bandwidth centered at 2.9 GHz. The three-section CPW- 

slotline switchable bandpass filter integrated with three PIN diodes was developed with 25.0 

dB isolation and 0.7 dB insertion loss. The three-section CPW-slotline varactor-tunable 

filter integrated with three varactor diodes was demonstrated with a 2.0 dB insertion loss 

and over 20% electronic tuning range [10] (See Appendix 4). 

5.2 Coplanar Waveguide Gunn VCO 

Considerable effort has been directed toward development of microwave and millimeter- 

wave receivers in hybrid and monolithic integrated circuit forms. To fully realize the ben- 

efits of integration, the local oscillator should be included. This requires a local oscillator 

in planar form. In addition, for many applications, long-term frequency stability and elec- 

tronical frequency tunability are also desirable. To achieve these requirements, a high 

Q resonator, a varactor and a Gunn device are incorporated into a truly planar circuit 

configuration. 

The configuration exhibits a tuning bandwidth from 10.2 to 10.55 GHz with an output 

power of 16.3 ± 0.45 dBm. The spectral purity and signal stability are comparable to 

waveguide and dielectric resonator stabilized microstrip oscillator [11]. 

Figure 12 shows the novel varactor tunable CPW-slotline Gunn oscillator picture. 

The circuit consists of a CPW-slotline resonator, a microstrip to slotline transition and a 

slotline lowpass filter. A Gunn diode is placed on the box at one of the open ends of 

15 



Figure 11.   Configuration of the PIN diode switchable CPW-slotline bandpass filter 
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Figure 12.   The varactor-tuned CPW-slotline Gunn VCO 
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the resonator and a varactor at the other end. The circuit offers many advantages of low 

cost, simplicity, small size, excellent performance, good reproducibility and fully planar 

configuration. The circuit is amenable to monolithic implementation. 

5.3 Coplanar Waveguide Fed Slotline Ring Resonators 

The search for new uniplanar MIC resonators is of great interest. Microstrip ring 

resonators can be used for filters and allow easy series insertion of solid-state devices for 

tuning, switching, and RF power generation. These rings have not been realized in truly 

planar transmission lines such as slotline or CPW to take advantage of easy shunt device 

hybrid integration. These truly planar designs should also reduce processing complexity 

in monolithic applications. Under this project, a CPW fed slotline ring resonator was 

developed with over 23% varactor tuning range and 4.5 ±1.5 dB of insertion loss. A 

wider tuning range can be obtained for a greater insertion loss variation. The tuning 

range is wider and the circuit has greater flexibility over the microstrip ring. For instance, 

the microstrip requires high impedance lines to apply DC biasing and the position of the 

varactor is fixed at a series gap. Shunt varactor placement on a microstrip ring requires 

drilling through the substrate. The slotline ring circuit, on the other hand, has inherent 

DC biasing pads and shunt placement of the varactor can be optimized on the ring. The 

configuration also lends itself to other device integration for filtering, switching, tuning and 

RF power generation. Figure 13 shows the circuit configuration of this novel resonator [12]. 

5.4 Conductor-Backed Coplanar Waveguide 

CPWs with conductor backing to support the structure (Figure 14) offer an attractive 

alternative to microstrip as a transmission media for microwave integrated circuit. The 

usefulness of the conductor backing CPW was questioned due to the mode coupling and 

energy leakage. 

Conventional conductor-backed (grounded) coplanar waveguides (CBCPW) lose en- 

ergy from its dominant mode in the form of a parallel plate mode (PPM) (leaky wave) 

propagating in the substrate at all frequencies which can generate undesirable coupling 

effects (moding problems) and produce an ineffective circuit. A multiple dielectric struc- 

17 
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ture with appropriate dimensions was designed to suppress the leaky wave. The spectral 

domain method was used to predict the cutoff frequency for the waveguide. Experimental 

data verifies this procedure and demonstrates the significance of the moding problems. 

The results should be useful for CBCPW design [13]. 

6.   Other Circuits and Analyses 

In addition to the research in active antenna elements, spatial power combiners, quasi- 

optical components, and coplanar waveguide circuits, work was carried out in the analyses 

and developments of other microwave circuits and components. This section gives a brief 

summary of these circuits. 

6.1 Wide Inductive and Capacitive Strip Discontinuities 

An analysis based on the variational method and moment method has been developed 

to calculate the discontinuity susceptance due to a single or multiple inductive strips in 

a rectangular waveguide as shown in Figure 15(a) and (b). The strips could have wide 

widths located unsymmetrically on the transverse plane of the waveguide. The current 

distribution on the strips has been determined by solving a set of linear equations. The 

theoretical results agree closely with experiments [14]. 

The analysis was extended to calculate the susceptance of a wide resonant strip on 

the transverse plane of a rectangular waveguide as shown in Figure 15(c) [15]. Almost 

any value of susceptance can be obtained at a specified operating frequency by properly 

choosing the strip depth and strip width. 

6.2 Superconductive Strip Discontinuities 

A two-gap electrically floating resonant strip was used for surface resistance measure- 

ments of the high-temperature superconductor, YBa2Cu^i-6 as shown in Figure 16. The 

method used has the advantages of simplicity, no electrical contact, operation at various 

resonant frequencies, and of requiring only a small sample. An analysis was used that 

allows for the accurate design of the strip dimensions to produce a desired resonant fre- 

quency. Experimental measurements on resonant frequencies in X and Ku-band (8-18 GHz) 

agree well with the calculations. The method allows one to extract the normalized surface 
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resistance of the sample from transmission coefficient measurements at the resonant fre- 

quency. These normalized values were found to compare favorably to the Mattis-Bardeen 

theory taken in the local limit. The resonant strip in waveguide should have applications 

in high-temperature superconductive material characterization and in the development of 

waveguide superconductive filters [16). 

6.3  Microwave/Millimeter-Wave Impedance Measuring Scheme Using a Three-Probe 

Microstrip Circuit 

A simple, compact and low cost three-probe microstrip impedance measuring scheme 

has been developed. The impedance of an unknown load can be easily determined by 

measuring the coupling power levels at the three-probes as shown in Figure 17. The 

coupling coefficients for the three-probes can be unequal and arbitrary, and only one power 

meter is required by using a single-pole three-throw switch. A prototype device has been 

built at X-band. The measured results agree very well with those obtained from an HP 

8510 automatic network analyzer [17]. The technique has been recently extended to the 

S-parameter measurements [18]. 
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Experiments on Injection Locking of Active 
Antenna Elements for Active Phased 
Arrays and Spatial Power Combiners 
KM CHANG, SENIOR MEMBER. IEEE. KENNETH A. HUMMER, STUDENT MEMBER, IEEE. 

AND JAMES L. KLEIN 

Abstract — Two t>pes of active antenna elements have been studied 
experimentally One type uses a mkrostrip antenna with an active device 
mounted directlv on the antenna. The other uses an active device coupled 
lo a microstrip patch antenna through an aperture. Microstrip active 
antenna elements and two-element arrays have been demonstrated for both 
types of circuits. Injection locking of the antenna elements has been 
achieved through space and mutual coupling. The circuit Q factor was 
calculated based on the locking gain and the locking bandwidth. The power 
output from two elements has been successfully combined in free space 
with a combining efficiency of over 90 percent. For a single active antenna 
with a Gunn diode mounted directly on the patch, an electronic tuning 
range exceeding 9 percent has been achieved by varying the dc bias. The 
results should have many applications in low-cost active arrays, active 
transmitters, and spatial power combiners. 

I. INTRODUCTION AND BACKGROUND 

RECENT DEVELOPMENTS in solid-state devices and 
microwave/millimeter-wave integrated circuits have 

made it possible to combine the active devices with planar 
antennas to form active arrays. Many elements can be 
combined to build an active phased array or a spatial 
power combiner. These techniques allow monolithic imple- 
mentation by fabricating both active devices and antennas 
on a single semiconductor substrate. The circuits can be 
made at low cost and should have many applications in 
radar, communication, and EW systems. 

Two types of active array configurations have been 
investigated. The first type uses active devices mounted 
directly on planar antennas (shown in Fig. 1). The second 
t\pe uses a transmit-receive (T/R) module mounted di- 
rectly, behind an antenna element (shown in Fig. 9). In 
these circuits, each element acts as a low-cost transmitter. 
Many of these elements can be combined to form a spatial 
power combiner or a quasi-optical power combiner. 

Many power-combining approaches have been demon- 
strated in the microwave and millimeter-wave frequency 
range [1]. [2J. Most of these techniques have serious limita- 
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(a) Single- and (b) two-element active antenna elements with 
devices mounted direciK on antennas 

tions due to the moding and size problems. Consequently, 
the maximum number of devices that can be combined is 
limited. To overcome these problems, spatial or q jasi-opti- 
cal combiners have been proposed to combine the power 
in free space or in a Fabry-Perot resonator [3]. An active 
device mounted directly on a planar antenna forms a 
module for spatial or quasi-optical combiners. In order to 
achieve coherency and effective combining in free space, 
the modules will be injection locked to each other through 
mutual coupling or through an external master source. 

This paper reports the design and measurements of a 
single active patch antenna with a Gunn diode oscillator 
integrated directly on the patch. The circuit forms an 
element for spatial or quasi-optical combiners. The output 

0018-9480/89/0700-1078501.00 
32 

' 1989 IEEE 



I HAM,   «■/ al     I \HI KIMI NIS ON   INJK I ION  I (H KINO !<r-) 

power was found comparable to a waveguide circuit using 
the same Gunn diodes. The active antenna can be made 
tunable over a 9 percent bandwidth by varying the dc bias. 
This wider tuning range compared to a passive patch 
antenna is attributed to a lower loaded Q factor. The 
loaded Q factor was measured using spatial injection-lock- 
ing techniques. 

Two of these active antennas were successfully com- 
bined to form an array. Received output power was ap- 
proximately doubled, indicating a combining efficiency of 
over 90 percent. Experimental results also showed that the 
array antenna pattern broke from a single beam into two 
separate beams as the dc bias voltage of one of the 
antennas was varied. This resulted in a tuning range of 
about I percent, which is lower than that of a single active 
patch antenna. 

The second type of circuit configuration (shown in Fig. 
9) uses a T/R module mounted directly behind an antenna 
element. Two commonly used feeding arrangements are 
the space-feed and corporate-feed techniques. Many T/R 
modules using FETs have been developed for these appli- 
cations (4)-(6). An aperture-coupled microstrip to patch 
antenna circuit is suitable to connect the T/R module to 
the antenna element. The circuit can also be used in spatial 
power combiners if the T/R module is replaced by an 
oscillator. The design is based upon an analysis using 
aperture coupling theory and an 5-parameter matrix [7j. A 
two-element array was fabricated and tested at about 2.4 
GHz. Injection locking through mutual coupling was 
demonstrated and good power-combining efficiency was 
achieved. 

M.    PATCH ANTENNA WITH ACTIVE DEVICE 

MOUNTED DIRECTLY ON ANTENNA 

Low-cost transmitters and power combiners can be made 
bv mounting the active devices directly on antenna ele- 
ments. Single-element microstrip active patch antennas 
have been reported by Thomas et al. [8] and Perkins [9j 
using Gunn and IMPATT diodes. Power combining using 
an open resonator has also been reported [10]. However, 
no attempt was made to injection lock two antenna ele- 
ments through mutual or spatial coupling, to measure the 
Q factor, or to electronically tune the active antenna 
element Furthermore, no attempt was made to combine 
the output power from two active antennas in free space. 

Both the single patch antenna and the two-element array 
were constructed on Duroid 5870 substrate with a thick- 
ness of 1.524 mm. The circuits were designed at ^-band 
using Gunn diodes and patch antennas. The circuit config- 
urations are shown in Fig. 1. 

The antenna dimensions were determined by equations 
given by James et al. (11]. The placement of the active 
device was chosen such that the device impedance was 
matched to the input impedance of the patch. The diode 
placement location D is given by 

where 

(/, = radiation conductance. 
Gm = mutual conductance of the two edges of the an- 

tenna, 
D- distance   from  either  antenna   edge   to  the   feed 

position. 
Zin = input   impedance   of   the   antenna   at   the  diode 

location, 
A^ = guided wavelength. 

For a rectangular patch with width H/ = 0.3X() and length 
Lss\K/2-21lro, Gr and G„, are given bv James et al. 
[11]: 

/   W: \ 
G.= 

, 90X:
rt 

— = 0.32. 
G. 

13) 

Here &leo is the equivalent length to account for open-end 
fringing capacitance. The input impedance Zin was set 
equal to the magnitude of the active device resistance, 
assumed to be 8 ti [12]. 

The two-element active array is also shown in Fig. 1. 
Each element was designed to have the same dimensions as 
the single antenna. Two antenna elements were separated 
by one quarter of the guided wavelength. The Gunn diode 
is a packaged pill-type diode from M/A COM. It pro- 
duced 10-25 mW of output power at 10 GHz in an 
optimized waveguide circuit. 

III.   RESULTS FOR A SINGLE ACTIVE 

PATCH ANTENNA 

To measure the power output from the active antenna, a 
standard horn antenna was used as a receiver. The active 
patch antenna has an output power PD and a gain of Gv A 
standard horn antenna with a gain of G2 was placed a 
distance R away from the active antenna. The received 
power Pr can be measured using a power meter. The 
output power P0 can be calculated using the following 
equation: 

4TTR 

GXG, 
(4: 

D = — cos 
ITT 

2ZmG, !--? 1) 

Here it is assumed that the two antennas are well aligned 
and matched, and the polarization loss is neglected. 

For a single active patch antenna, the maximum output 
power is about 15 mW at 10.1 GHz. This power is calcu- 
lated using (4) based on a 15.4 /iW received power. The 
output power and frequency as a function of dc bias are 
shown in Fig. 2. A 3 dB tuning range of 839 MHz was 
achieved from 9.278 to 10.117 GHz. This tuning range is 
equivalent to a 9 percent bandwidth, which is much wider 
than that of a single passive patch. 

The £-plane antenna patterns for several bias voltages 
are shown in Fig. 3. This shows a beam width of 90°. The 
large peak present at -60° is most likely due to radiation 
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Fig. 2.    Output power as a function of frequency and bias voltage for a 
single active antenna. 
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Fig. 3.    E-plane antenna patterns for several different bias voltage levels 
for a single active antenna. 

from the dc bias line that is required to bias the Gunn 
diode. The plot also shows that the pattern changes very 
little as the bias voltage (and thus the frequency and 
power) is varied. 

The single patch antenna can be injection locked by an 
external signal incident on the patch. Fig. 4 shows the 
frequency spectrum before and after the injection locking. 
The frequency stabilization and the noise suppression pro- 
vided by injection locking are evident. Fig. 5 shows the 
injection-locking bandwidth versus locking gain (which is 
defined as P0/Pi). The external Q can be found from 
Adler [13]: 

(5) 

where 

Qe= external Q factor, 
f0 = operating frequency, 

A/ = injection-lock bandwidth, 
P, = injection-lock signal power, 
P0 = free-running oscillator power. 

For the results shown in Fig. 5, the external Q value is 
about 20. This low Q value explains why a wider tuning 
range was achieved for a single active patch antenna. The 

Fig. 4. Signal spectra (a) before and (b) after the injection locking. 
Vertical: 10 dB/div. Horizontal: 500 kHz/Div Center frequency: 
9.967 GHz. 

22        24 36 26 28 30 32 34 

GAIN   (dB) 

Fig. 5.    Injection-locking bandwidth as a function of locking gain. 

Q factor measured here compares favorably with those 
previously reported for microstrip oscillators [14], [15]. 

IV.   RESULTS FOR TWO-ELEMENT ACTIVE ARRAY 

The two active devices in the two-element array will 
injection lock each other through mutual coupling. Injec- 
tion locking may also be obtained by the use of an external 
source. 
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Fig. 6     Measured £-plane power pattern for a two-element array. 
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Fig. 8.    Pattern broken up above 15.45 V. 
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Fig. 7.    Frequency and received power as a function of bias voltage of 
one diode. 

The measured E-plane pattern for the array is shown in 
Fig. 6 Also shown are the patterns with either antenna 
"off." It can be seen that when both antennas are "on," 
the beam width is narrower and the gain is thus higher. 
The patterns were normalized to the peak radiation power. 
The bias to either diode was optimized individually to 
achieve the maximum output power. The received bore- 
sight power and frequency as a functio \ of dc bias on one 
diode are given in Fig. 7. An output power level of 30 mW 
was achieved at 10.42 GHz. The power was calculated by 
using (4) with a two-element array antenna gain. This 
output power level is about twice that from a single patch 
active antenna. This demonstrates good combining effi- 
ciency. It can be seen that the boresight power and the 
operation frequency of the array experience a severe drop 
at a bias voltage of 15.45 V. To investigate this phe- 
nomenon, antenna patterns were made for bias voltages 
above and below 15.45 V. These results are shown in Fig. 
8. It was found that the radiation pattern broke from a 
single beam into two separate beams above this bias volt- 
age. The useful electronic tuning range is about 1 percent 
due to the breakup phenomenon. It is believed that this 
breakup is caused by the loss of phase lock. This phe- 
nomenon should not pose any serious problem in practical 
applications for narrow-band systems. A similar breakup 

lb Active Element 

Patch Antenna J 
Microstrip Line 

(a) 

V 
<— mmm VMWM — Ground 

Plane 

icroitrip Line 

(b) 

Fig. 9. Aperture-coupled microstrip to patch antenna circuit for active 
array (a) Top view, (b) Cross-sectional view. 

phenomenon has recently been reported by Stephan and 
Young [16] for a different type of circuit. 

V.   APERTURE-COUPLED PATCH ANTENNA CIRCUITS 

One practical difficulty with active arrays using T/R 
modules is in isolating the input and output signals and 
maintaining the stability of the array. Another problem is 
maintaining unidirective radiation and avoiding spurious 
radiation from feed lines. 

To overcome these problems, a two-sided substrate cir- 
cuit has been proposed [17}. As shown in Fig. 9, the active 
circuits, which include the oscillators, amplifiers, and phase 
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TABLE I 
DIMENSIONS FOR TWO APERTURE-COUPLED ANTENNAS 

parameter (mm) Patch A Patch B 
antenna  width 29 5 29 5 
antenna length 39 5 39 0 
aperture  size 10.25 10 0 
line   length 50.0 50 0 
stub length 19.0 19.0 

Edge separation between elements is 19.5 mm. 

shifters, are located on the bottom side of the ground 
plane. The antenna elements are located on the lop side of 
the ground plane. The ground plane provides a good heat 
sink for the active devices. The coupling between the two 
layers is accomplished by circular apertures in the ground 
plane. The ground plane separates the radiating aperture 
from the feed network, eliminating the possibility of spuri- 
ous signal radiation from the source. Because of the good 
isolation between the radiating antenna and active device, 
the antenna and active circuits can be optimized sepa- 
rately. Furthermore, since two substrates are used, one can 
use a low-dielectric-constant substrate for the antennas to 
increase the efficiency, and a high-dielectric-constant sub- 
strate (such as GaAs) for the active circuitry. These fea- 
tures have made aperture-coupled patch antenna circuits a 
very attractive structure for active array applications. 

The design of the aperture-coupled patch antenna was 
based on the analysis reported by Gao and Chang [7]. A 
six-port network was used to model the coupling circuit 
based on the aperture-coupling theory and an S-parameter 
matrix. The input impedance as a function of frequency 
can be calculated using this analysis. 

The spacing between the elements is a prime considera- 
tion in the design of the array and is chosen based upon 
the coupling requirement for injection locking. For the 
structure considered here, one antenna is to be connected 
to a sweeper, and the other to a free-running oscillator. 
The free-running oscillator will be injection locked to the 
sweeper signal through mutual coupling. The coupling 
between antennas was designed at 20 dB (thus providing 
20 dB of injection-locking gain). Using the data from 
Jedlicka. Poe, and Carver (18], and assuming £-plane 
antenna coupling, it can be seen that 20 dB coupling 
corresponds to a one-quarter-wavelength edge separation. 

VI.    Two-ELEMENT ACTIVE ARRAY USING 

APERTURE-COUPLED PATCH ANTENNAS 

To demonstrate the concept, a two-element active array 
was designed and built on Duroid 5870 substrate operating 
at around 2.36 GHz. The dimensions for the two 
aperture-coupled antennas are given in Table I. 

Smith charts showing the input impedance for the two 
antennas are given in Fig. 10. It can be seen that the two 
antennas have similar impedance characteristics and res- 
onate at almost the same frequency. The coupling between 
antenna elements was also measured and is given in 
Fig. 11. It can be seen that maximum coupling is about 

Points Frequency 

1 2.2000 GHz 
2 2.3365 GHz 
3 2.5000 GHz 

Antenna A 
Antenna B 

Fig. 10    Input impedance measurements on the two antennas using an 
HP 8510 network analvzer. 
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Fig. 11.    Mutual coupling between two aperture-coupled antennas 
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Fig. 12.    £-plane  power pattern   of a   two-element  aperture-coupled 
active array 

19.4 dB, very close to the desired value of 20 dB. The 
antenna bandwidth was also measured. The bandwidth for 
an input VSWR of less than 2.0 is 28.5 MHz for one 
antenna and 31.5 MHz for the other. 

The antenna pattern and injection-locking bandwidth 
were measured in an anechoic chamber. One antenna was 
connected to a sweeper and the other to a free-running 
oscillator. The oscillator was a transistor oscillator manu- 
factured by EMF Systems Inc. The sweeper was used to 
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Fig 14. Oscillator spectra (a) before and (b) after injection locking. 
Vertical 10 dB/div. Horizontal: 100 kllz/div. Center frequency: 
2.384 GHz 

injection lock the free-running oscillator by mutual cou- 
pling. 

Fig. 12 shows the £-plane pattern of the active array 
when only the sweeper is "on," when only the oscillator is 
"on," and when bo'.h sources are "on." When one of the 
sources was disengaged, a 3 dB beam width of about 90° 

was measured. This beam width was reduced to 65° when 
both sources were "on." Furthermore, the power with both 
sources operating was about 2 dB higher than the power 
with any single source operating. This shows that the array 
is exhibiting good power-combining properties. With both 
sources on, the main lobe is centered at roughly 25°. This 
off-center condition is due to the different lengths of the 
transmission lines used to connect antennas and sources. A 
phase difference thus exists between the two sources. This 
difference can be adjusted and overcome by the use of a 
transmission line section or phase shifter. 

Fig. 13 shows the //-plane pattern of the array. It can be 
seen that no matter which sources are operating, the an- 
tenna pattern remains relatively unchanged. This is to be 
expected since the antennas are arranged for £-plane 
coupling. Very little //-plane coupling can be expected. 
The antenna //-plane beam width was about 120°. 

The injection locking through mutual coupling was also 
demonstrated. Fig. 14 shows the oscillator spectra before 
and after the injection locking. It can be seen that injection 
locking has a dramatic effect in reducing oscillator noise. 
The locking bandwidth was measured to be 2.15 MHz. 
Assuming an injection-locking gain of 20 dB, the locking 
bandwidth corresponds to an external Q factor of 217. The 
narrow locking bandwidth and high Q factor are believed 
to be due to the high-£> transistor oscillator. 

VII.   CONCLUSIONS 

Two types of active antenna elements have been investi- 
gated. The first type uses active devices directly mounted 
on the antennas. The second type uses an aperture-coupled 
microstrip to patch antenna circuit which can be used to 
accommodate a transmit-receive module. A two-element 
array was built and demonstrated in both cases. Injection 
locking was achieved by using either mutual coupling or an 
external master source. Good power-combining efficiency 
was achieved for both circuits. An electronic tuning range 
of over 9 percent was achieved for the single active an- 
tenna element and of about 1 percent for a two-element 
array. 
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Broadband Electronically Tunable Planar Active 
Radiating Elements and Spatial Power 

Combiners Using Notch Antennas* 
Julio A. Navarro. Yong-Hui Shu. and Kai Chang, Fellow, IEEE 

Abstract—A Gunn device has been integrated with two types 
of active planar notch antennas. The first type uses a coplanar 
waveguide (CPYV) resonator and a stepped-notch antenna with 
bias tuning to achieve a bandwidth of 275 MHz centered at 9.33 
GHz with a power output of 14.2 + 1.5 dBm. The second type 
uses a CPU resonator with a varactor for frequency tuning to 
achieve a bandwidth of over 1.3 GHz centered at 9.6 GHz with 
a power output of 14.5 ± 0.8 dBm. This is equivalent to over 
14% electronic tuning bandwidth. Both configurations exhibit 
a very clean and stable output signal. A theoretical circuit model 
was developed to facilitate the design. The model agrees well 
with experimental results. Injection-locking experiments on the 
second configuration show a locking gain of 30 dB with a lock- 
ing bandwidth of 30 MHz at 10.2 GHz. Power combining ex- 
periments of two varactor-tuned CPW active notch antenna 
elements in a broadside configuration have achieved well over 
70% combining efficiency throughout the wide tuning range. 
The circuits have advantages of small size, low cost, and excel- 
lent performance. 

I. INTRODUCTION 

CONSIDERABLE effort has been directed toward the 
development of microwave and millimeter-wave hy- 

brid and monolithic integrated circuits. Recent develop- 
ments have made it possible to combine active devices 
with planar antennas to create active radiating elements 
or active quasi-optical transmitters. Due to the power lim- 
itations of active solid-state radiating elements, quasi- 
optical and spatial power combining techniques have been 
used by [1]-[6J. The general power combining techniques 
have been reviewed in (6). The spatial power combining 
techniques create a single, coherent and higher-power 
signal from many low-power radiating sources. Further- 
more, spatial or quasi-optical power combining is not lim- 
ited by size or moding problems and allows the combi- 
nation of a greater number of active radiating elements. 

The microstrip patch antenna has been used for an ac- 
tive, planar, integrated, low-cost radiating element (1). 
12). (7]-|10). The microstrip patch antenna provides a 
resonant structure for the Gunn diode to oscillate, a ground 
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plane for efficient heat sinking, and an inexpensive method 
to create a microwave source. However, the active patch 
antenna has exhibited very narrow tuning ranges with high 
cross-polarization levels, and wide power output devia- 
tions. Futhermore. the structure has inherent deficiencies 
for active millimeter-wave operation due to its small patch 
dimensions, and it does not allow easy integration of other 
solid-state devices, such as the varactor, for wideband 
electronic frequency tuning. Previously, varactor tuning 
has been accomplished using waveguide and microstrip 
Gunn oscillators [11), [12), but no attempt has been made 
to integrate the varactor-tuned Gunn oscillator directly 
into the antenna. An alternative approach for active ele- 
ment integration can be accomplished by sing the notch 
antenna. 

The notch antenna has many desirable characteristics 
which include broad impedance matching bandwidth and 
planar nature, as well as good reproducibility, and ease 
of integration to passive and active devices. Furthermore, 
the length of the notch can be increased to create a trav- 
elling-wave antenna like the linear-tapered slot antenna 
(LTSA) [13]. The main design parameter of the notch an- 
tenna is the flare of the slot as given by the exponentially- 
tapered Vivaldi antenna [14]. Other important work has 
been reported in the characteristics of the antenna imped- 
ance and radiation [15]-[17]. The flexibility of this type 
of antenna makes it ideal for many diverse applications. 

An FET has been integrated with a notch antenna [18] 
using slotline and CPW to create a 20 GHz receiver front- 
end. No other attempt has been made to use the advan- 
tages of the notch for an active quasi-optical transmitter. 
This paper presents two novel configurations for the in- 
tegration of a Gunn oscillator to a notch antenna: 

1) Biased-tuned Gunn oscillator in the CPW resonator 
using a stepped-notch antenna. The notch is coupled to 
the center of a CPW resonator which is physically per- 
pendicular to the slotline. 

2) Varactor-tuned Gunn oscillator in a CPW resonator 
using a smooth-tapered notch antenna. The notch is cou- 
pled to one end of a CPW resonator which is physically 
in colinear to the slotline. 

The first configuration exhibits a clean, stable bias- 
tuned signal from 9.2 to 9.47 GHz with a power output 
of 14.2 ± 1.5 dBm. However, bias tuning creates a wide 
deviation in power output and the resonator orientation 
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ma> introduce a strong cross-polarization component. For 
most active antenna applications, a low-cost method of 
providing a clean, stable signal with moderate and con- 
stant power output over a wider electronic tuning band- 
width is needed. This can be accomplished by introducing 
a varactor in the oscillating circuit. The second configu- 
ration, with varactor tuning, exhibits a tuning bandwidth 
from 8.9 and 10.2 GHz with an output power of 14.5 ± 
0.8 dBm. The spectral purity and tuning range are com- 
parable io state-of-the-art results achieved in waveguide 
and microstrip oscillators. The theoretical tuning curve 
obtained from a circuit model agrees fairly well with ex- 
perimental results. 

Injection-locking experiments were also conducted 
showing a locking gain of 30 dB with a locking bandwidth 
of 30 MHz at 10.2 GHz. Power combining experiments 
of two varactor-tuned active notch antenna elements, in a 
broadside configuration at a distance of 8 mm ( \/4 at 
9.6 GHz) apart, have achieved well over 70% combining 
efficiency throughout the tuning range with a maximum 
of 129.2% at 9.7 GHz. To the best of the authors' knowl- 
edge, this is the first varactor tunable power combiner ever 
reported. 

The circuits offer many advantages of low cost, sim- 
plicity, small size, wide electronic tuning range, good sta- 
bility, and excellent performance. Although Gunn and 
varactor diodes were used here, other active devices can 
also be used. Due to their planar nature, these circuits are 
amenable to monolithic implementation and offer many 
applications in radar, communications, and electronic 
warfare systems. 

II   THE ACTIVE CPW STEPPED-NOTCH ANTENNA 

Fig. 1 shows the active CPW stepped-notch antenna 
configuration. The circuit consists of a stepped-notch an- 
tenna coupled to a CPW resonator via slotline. A Gunn 
diode is placed in a heat-sink at the open terminals of the 
resonator. The notch is formed by many step transformers 
which match the slotline impedance to free space. 

The resonator is the essential design element for im- 
proved oscillation and stability. Considering the planar 
nature. Q-factor, and ease of integration with active de- 
vices. CPW was chosen for the resonator. The CPW slots 
were designed to be 0.3 mm with a 3.5 mm separation. 
This arrangement provides a 50 Q characteristic imped- 
ance and mates well with the 3.5 mm cap of the Gunn 
diode. The length of the resonator is about 0.5X at 10 
GHz. A DC block was incorporated at the shorted end for 
biasing purposes. The circuit is mounted on an L-shaped 
metal block which serves as a heat-sink and holder. 

The notch antenna design was accomplished by using 
cascading slotlines which act as impedance transformers 
from the coupling point to free space. The low dielectric 
constant of 2.3 allows efficient antenna radiation. The in- 
put impedance of the notch was matched to the resonator 
at the coupling point. 

Matching from free space to the resonator was opti- 

CPW 
Resonator 

Gunn 
Diode 

Stepped 
""—.Notch 

Fig. I    CPW Stepped-notch antenna circuit configuration 

Frequency Power 

10    11     12     13     14     15     16    17     18 
Bias Voltage (Volts) 

Fig. 2.  Frequence and power output versus bias voltage of (he active CPW 
stepped-notch antenna. 

mized using a transmission line equivalent circuit model. 
The lengths of the transformer sections were optimized 
for minimum return-loss throughout X-band. The circuit 
was fabricated on a 60 mil thick, RT-Duroid 5870 sub- 
strate. To test the passive circuit, an SMA connector was 
soldered on to the CPW resonator and the measurements 
were performed on an HP-8510 Network Analyzer. The 
stepped-notch antenna gain was measured at 9.3 and 9.6 
GHz and found to be 7.1 and 7.7 dBi, respectively. In- 
tegration of an active device may change the antenna ef- 
ficiency and introduce degenerate modes at the oscillating 
frequency. However, one can use this method to approx- 
imate the oscillator power output. The gain measurements 
were used to calculate the oscillator power output with the 
Friis transmission equation: 

« - '•(?)■ (rä)     "> 
where 

Pr = Power received. 
P, = Power transmitted from the active notch an- 

tenna. 
X = Wavelength of operation. 
R = Antenna range length. 

Gn, = Gain of the t.ansmit antenna. 
Gm = Gain of the receive antenna. 

A Gunn device from M/A COM was integrated with 
the stepped-notch antenna. This Gunn diode produces 
72 mW in an optimized waveguide circuit. The bias volt- 
age vs. frequency and power output is shown in Fig. 2. 
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The 3 dB bias-tuning bandwidth was 275 MHz centered 
at 9.33 GHz with a maximum power output of 37.5 mW 
at 9.328 GHz. 

(II. THK VVRACTOR-TI NABi.fi CPW Acrivt- NOTCH 

ANI'I-NNA 

Fig. 3(a) shows the varactor-tunable CPW active notch 
antenna configuration. The circuit consists of a notch an- 
tenna integrated with a varactor-tuned CPW resonator. 
The notch antenna counts to the resonator via slotline. 
A Gunn and a varactor diode are placed at either end of 
the CPW resonator. This arrangement provides strong 
coupling between the Gunn diode and the varactor diode 
for increased tuning bandwidth. 

The CPW resonator allows multiple dc-biased devices 
to be integrated due to its inherent dc blocks used for sep- 
arate biasing. The input impedance of the antenna was 
matched at the coupling point with the resonator and the 
flare of the notch antenna was modified from the stepped 
to a smooth taper for improved bandwidth performance. 

A theoretical model was developed to facilitate the de- 
sign. The equivalent circuit can be represented as shown 
in Fig. 3(b). The modeling of the CPW junction is based 
on reference (19). Neglecting the junction discontinuity 
effects, the transformer ratio n is set equal to I. The flare 
of the notch antenna was approximated by 24 sections of 
slotlines of different widths and impedances. The equiv- 
alent circuits of the Gunn and varactor diodes used for 
calculations are shown in Fig. 4. The diode parasitics for 
the Gunn and varactor are given by the vendor. The fol- 
lowing conditions were used to determine the oscillating 
frequencies at various varactor bias levels: 

! Re (2^)1 > |Re(Zcircuit)| (2) 

lm(Zduxle) + Im(Zc1fCUlt) = 0 (3) 

where Re (Zdlixll.) is assumed to be -8 fi [20] and the os- 
cillations occur when condition I is satisfied. The oscil- 
lating frequencies are found from condition 2. 

The overall dimensions of the circuit board are I x 2 
inches. The circuit was etched on a 60 mil thick RT- 
Duroid 5870 substrate. To test the passive circuit, a coax- 
ial connection was soldered on to the notch and measured 
on an HP-8510 Network Analyzer. The measured SWR 
was less than 2: 1 throughout the X-band range (8-12.4 
GHz) The passive notch was then tested in an anechoic 
chamber for the field patterns and relative gain. The rel- 
ative gain {G0) of the passive notch antenna measured at 
9.0. 9.6, and 10.2 GHz were 8.0. 8.2, and 9.0 dBi. re- 
spectively The gain was later used in (1) to determine the 
active notch output power. 

A Gunn and varactor diode from M/A COM were in- 
tegrated into the resonator and coupled to the notch an- 
tenna via slotline. This Gunn diode (MA49106) produces 
80 mW in an optimized waveguide circuit while the var- 
actor (MA46602F) is rated for 1.6 pF at 0 V. Theoretical 
results were calculated using the circuit model shown in 
Fig   3(b) and (2) and (3). Fig. 5 shows the theoretical 

Zl  =  160 Ohm«, LI * 0.M9 mm 
Z2  z   l«0  Ohm». L2 *   J.SZB  mro 
Z3   «     50   Ohm«. L3 *   3.500  mm 
M  i   U0 Ohma. U « 7.200 mm 
ZS =  122 Ohma. L3 = 2.940 mm 

(b) 
Fig. 3    The varactor-lunable CPW notch antenna   ui Circuit contiuuru- 

tion. (b) Equivalent circuit 

R. 
C 
C, 
L. 

-8.00  Ohms 
1.05  pF 
0.25  pF 
0.30  nH 

Rg Cg 

CP 

(a) 

R,~ 

0.85  to   1.60  pF 
0.05  pF 
2.81   Ohms 
0.30  nH 

(b) 

Fig. 4    Device Equivalent Circuits. UJ Gunn diode   tb) Varactor diode 

tuning curve obtained foi varying varactor bias levels from 
0 to 30 V. Experimental results are shown in the same 
figure for comparison. Considering the large deviation of 
active device modelling parameters, the theoretical model 
agrees fairly well with the experimental results. A fre- 
quency tuning range of 8.9 to 10.2 GHz was achieved for 
varactor voltages of 0 to 30 V. This is equivalent to over 
14% electronic tuning bandwidth. There are no mode 
jumps and the signal spectrum remains clean and very sta- 
ble, with an output power variation of ±0.8 dBm 
throughout the frequency tuning range. The spectrum of 
the received signal from the varactor-tunable notch an- 
tenna is comparable to the spectrum of the active stepped- 
notch. The £ and rY-field patterns as well as the cross- 
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(b) 

Fig 5 Active varactor-tunable CPW notch antenna results, (a) The 
theoretical and experimental varacior tuning frequency versus voltage (b> 

The experimental power output of the active varactor-tunable CPW notch 
antenna 

-90-80-TO-ÖO-50-40-30-20 -10 0   10 2030405060708090 
Angto (Dagraaa) 

(a) 

-90-80-T0-40-50-40-3O-20-10 0   10 2O3040SO8O7O8O90 
Angte (Dagraaa) 

(b) 

Fia  6   Field patterns of the active varactor-tunable CPW notch antenna 
at IU 2 GHz   (a) E-plane pattern and cross polarization measurements, (b) 

W-plane pattern and cross-polarization measurements. 

polarization patterns are shown in Fig. 6 for the varactor- 
tunable active notch antenna at I0.2 GHz. The back ra- 
diation remains below -10 dB throughout the tuning 
bandwidth. 

IV INJECTION-LOCKING AND POWER-COMBINING 
EXPERIMENTS 

Injection-locking experiments with an external HP- 
8690B Sweep Oscillator source were performed to deter- 
mine the locking-gain and locking-bandwidth of the ac- 
tive notch antenna configuration. The test measurement 
set-up is shown in Fig. 7. Equation (I) was used to de- 
termine the P, from P, and P„ from Pr. Injection-locking 
experiments were performed throughout the electronic 
tuning range. The locking-gain (P0/P,) vs. locking band- 
width (AF) results are shown in Fig. 8 and they are com- 
parable to previous patch antenna experiments [I]. A 
locking gain of 30 dB with a locking bandwidth of 30 
MHz was obtained at 10.2 GHz. The Q-factor of the cir- 
cuit is found to be 21.5 and can be calculated with |21J 

Qc = 

The locking gain in dB is defined as 

G, = 10 log j 

(4) 

(5) 

where 

Qe = External (2-factor. 
F„ = Operating frequency. 

AF = Injection-locking bandwidth. 
P, = Injection-lock signal power. 
P0 = Free-running oscillator power. 

Quasi-optical combiners using Fabry-Perot resonators 
and spatial power combiners have the potential of com- 
bining many solid-state devices at millimeter-wave fre- 
quencies. To demonstrate the feasibility of the spatial 
power combiner, two notch antennas were set up in a 
broadside array at 8 mm separation. To achieve efficient 
power-combining, the active notch antenna elements must 
injection-lock to each other through mutual coupling. 
Power combining experiments of two injection-locked, 
varactor-tuned active notch antennas were conducted 
throughout the electronic tuning range at 100 MHz incre- 
ments. The power combining efficiency is defined by 

Efficiency = * combiner 

P,   +   P, 
x (100)% (6) 

where 

Pt = Power of active notch #1 (Use G,„ = G„. 
G„ is the antenna gain of a single passive 
notch antenna). 

P7 = Power of active notch HI (Use G„, = G„). 
^combiner = Power   of   injection-locked,   power-com- 

bined signal (Use Gnl = 2G„). 
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Fig. 7.  The measurement set-up lor injection-locking e\pcrimcnts using an external source. 
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Fig   8   The injection locking-gain versus locking-bandwidth at 10.2 GHz. 
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Fig. 9 The W-planc and cross-polarization meausurcments of two mu- 
tually-coupled injection-locked, power combined active notch antennas at 
9 6 GHz 

All power calculations are calculated from (1). For the 
P\ and P2 calculations, the gain of a single passive an- 
tenna was used for the transmitting active antenna gain 
Gol. For the Pcambtner calculations, the array gain was as- 
sumed to have twice the gain of a single passive antenna. 
The power combining efficiencies measured at 9.4, 9.7. 
and 10 GHz were 90.0, 129.2, and 75.0%, respectively. 
The combining efficiency of over 100% at certain fre- 

quencies can be attributed to improved impedance match- 
ing in two mutually-coupled oscillators as compared to a 
single oscillator which is not fully optimized. Similar re- 
sults have been reported by another power combiner [22J. 
The //-plane field pattern and cross-polarization measure- 
ments at 9.6 GHz are shown in Fig. 9 for the combiner. 
The 3 dB beamwidth of the array was 53 degrees com- 
pared to 78 degrees for a single element. To the best of 
our knowledge, these results represent the first wideband 
varactor-tunable power combiner reported in literature. 

V. CONCLUSION 

The Gunn device has been integrated with a stepped- 
notch antenna using a CPW resonator. The configuration 
was modified to incorporate a varactor diode and form a 
varactor-turned active antenna element. Over 14% elec- 
tronic tuning range was achieved with a fairly constant 
power output. Two of these varactor-tuned active antenna 
elements were successfully injection-locked to each other 
via mutual coupling and power combined throughout the 
wide electronic tuning range with over 70% combining 
efficiency. 

These circuits offer a small, simple, lightweight, low- 
cost, reproducible, and truly planar active wideband tun- 
able source for many microwave applications. Using these 
elements in planar arrays with injection-locking and power 
combining techniques will enable higher power levels. 
The wide varactor tuning range should prove useful for 
frequency modulated communication links, radar, and 
electronic warfare applications. The circuits are amenable 
to monolithic circuit integration for mass production and 
should have many applications in frequency-agile trans- 
mitters at microwave and millimeter-wave bands. 
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Theoretical and Experimental Development of 10 and 
35 GHz Rectennas 

Tae-Whan Yoo and Kai Chang, Fellow, IEEE 

Abstract—A 35 GHz rectenna has been developed with 39% 
com ersion efficiency. The recienna use«, a aikrostrip dipole an- 
tenna and a commercially available mixer diode. Over 60% 
conversion efficiency was demonstrated using this diode at 10 
GHz. A theoretical analysis was derived to predict the perform- 
ance of the rectenna. The analysis is a useful tool for device 
and circuit design. The theoretical and experimental results 
should have many applications in microwave power transmis- 
sion and detection. 

I. INTRODUCTION 

THE AVAILABILITY of power for use in space is a 
key requirement for future space activities. The cur- 

rent method of power generation with solar panels or bat- 
teries on board of each satellite has many difficulties in 
packaging the power system, unfolding them in space, and 
achieving a high output power. Power becomes a limiting 
factor in the design of most systems. To overcome these 
problems, a potential method may be to deploy a Utility 
Power Satellite (UPS) in space. The UPS will generate 
power using solar, nuclear or other techniques. The power 
would then be converted into microwave or laser beams, 
transmitted through a free space and convened back into 
a useful form of energy for users. 

The laser beam has an advantage of the small beam di- 
vergency . However, the efficiencies in generating the laser 
beam and converting it back into electrical energy are low 
compared with those of microwave. Therefore, the de- 
velopment of power transmission system by microwave 
beams is attracting new attention in space application. 

The rectenna (rectifier + antenna) which receives and 
converts microwave power into dc power is a key element 
of this power transmission system. Since the rectenna was 
invented (1] it has been improved through studies [2], [3] 
and used for various applications such as the microwave 
powered helicopter [4], the receiving array for Solar 
Power Satellite [5], and the experiment on the microwave 
powered aircraft which was recently conducted by Can- 
ada under the project name of SHARP (Stationary High 
Altitude Relay Platform) [6]. As a result, the structure of 
rectenna has been evolved from a bulky bar-type to a 
planar thin-film type greatly reducing the weight to power 
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output ratio [7]. The typical power conversion efficiency 
achieved is 85% at 2.45 GHz. 

The rectifying process is a nonlinear process. It is dif- 
ficult to figure out how the rectenna circuit is optimized 
for the maximum conversion efficiency. There were sev- 
eral theoretical analyses to solve this problem. These 
analyses can be divided into two methods. One is to di- 
rectly simulate the rectenna circuit in time domain (8). 
The other is to find a closed-form equation which can ex- 
plain the relationship between diode parameters and the 
conversion efficiency [9], [10]. A computer simulation in 
[8] sucessfully showed the conversion efficiency lager than 
80% at 2.5 GHz. A mathematical model in [9] was de- 
rived to relate the power conversion efficiency with the 
conduction period of diode. A fixed relationship between 
the dc output voltage and the RF input voltage was as- 
sumed and the conduction period was unknown. A closed- 
form for efficiency in [10] was derived by expanding the 
current-voltage (l-V) equation of diode with the diode 
voltage. But this is valid only for a high-efficiency rec- 
tenna since short tum-on period was assumed. 

All these studies were concentrated on 2.45 GHz. Con- 
sidering that the frequencies below 3 GHz are not strongly 
attenuated by the atmosphere even under a severe weather 
condition [11], 2.45 GHz is thought of as a proper fre- 
quency for the application of power transmission between 
ground-to-ground, ground-to-space, and space-to-ground. 
However, for the space-to-space application the operating 
frequency can be increased to allow power transmission 
over much longer distances with the smaller antenna and 
rectenna. Although the efficiencies of rectenna and gen- 
erator are low at 35 GHz, the advantages of size reduction 
and longer transmission distance overcome the low device 
conversion efficiencies. The overall system efficiency is 
thus higher at 35 GHz than 2.45 GHz for long distance 
transmission using the same size of antenna and rectenna 
[12]. 

In this paper we report theoretical analysis and experi- 
mental results on 10 and 35 GHz rectenna. A closed-form 
equation for the conversion efficiency has been derived to 
analyze the diode for the high frequency rectenna. To de- 
rive the closed-form equation we assumed that the effects 
of harmonics higher than or equal to the second order were 
small and the forward voltage drop of the diode didn't 
change during the tum-on period. The closed-form equa- 
tion was validated by comparing it with a nonlinear circuit 
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simulation computer program called LIBRA developed by 
EEsof Inc.. The maximum efficiency limited by the par- 
asitic series resistance and the junction capacitance of a 
diode has been calculated using the closed-form equation. 
It was possible to interpret the cutoff frequency of a diode 
as a parameter to limit the highest operating frequency of 
the diode in the power conversion circuit as a result of 
this calculation. This result of closed-form equation will 
be useful to select or design a diode for rectenna at any 
arbitrary frequency. 

A 35 GHz dipole rectenna has been designed with the 
closed-form equation and LIBRA which uses a Harmonic 
Balance method to solve a nonlinear circuit. The overall 
conversion efficiency of rectenna was measured using the 
waveguide array simulator. The dc power was 39% of the 
input power of 51 mW and the reflected power was 12% 
of the incident power. The incident power includes both 
the input power to the rectenna diodes and the reflected 
power. The power conversion efficiency of the diode at 
10 GHz was measured by sending the power through a 
coaxial line. The highest efficiency was measured as 60%, 
which was consistent with the simulation result with 
LIBRA. The devices used were commerically available 
mixer diodes which are not optimized for this application. 
It is believed that higher efficiency could be achieved with 
optimized devices. 

II   CLOSED-FORM EQUATION FOR THE CONVERSION 

EFFICIENCY 

.4.   Basic Circuit Structure of Rectenna 

The basic structure of a rectenna is shown in Fig. 1. 
The low pass filter inserted between the antenna and rec- 
tifying circuit is designed so that the fundamental fre- 
quency can be passed and a significant portion of the 
higher order harmonics generated from the nonlinear rec- 
tifying circuit be rejected back to the rectifying circuit. 
The rectifying circuit consists of a single diode shunt-con- 
nected across the transmission lines. 

The basic principle of the microwave power conversion 
by ths rectifying circuit is analogous to a diode clamping 
circuit or a large signal mixer at microwave frequencies. 
The power conversion efficiency is maximized by sub- 
stantially confining all the higher order harmonics be- 
tween the low pass filter and the dc pass filter, using an 
efficient diode and matching the diode's input impedance 
to antenna's input impedance. 

The power conversion efficiency of a diode changes as 
the operating power level changes. The power conversion 
efficiency of a rectenna generally changes with the input 
power as shown in Fig. 2. Vt% Vbr% and RL are the forward 
voltage drop (junction voltage), the breakdown voltage of 
the diode, and the dc load resistance of the rectenna, re- 
spectively. The efficiency is small in the low power re- 
gion because the voltage swing at the diode is below or 
comparable with the forward voltage drop of the diode. 
The efficiency increases as the power increases and levels 
off with the generation of strong higher order harmonics. 

Rectifying 
Circuit 

Antenna Low Pass 
Filter E 

Fig   !    Block diagram ot a rectenna circuit 

A 
100% 

V, Effect/^  "~         "I 
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If    Efficiency Curve 1 

v» 
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Fig. 2. General relationship between microwave to dc power conversion 
efficiency and input power 

The efficiency sharply decreases as the voltage swing at 
the diode exceeds the breakdown voltage (Vbt) of the 
diode. The critical input power where the breakdown 
effect becomes dominant is expressed as V%r/4RL in 
Fig. 2. 

The three parameters of diode such as Vbr, zero-biased 
junction capacitance (C,„), and series resistance (Rs) de- 
termine the power conversion efficiency of rectenna. 
These parameters are related with each other due to the 
diode material properties [13]. The breakdown voltage of 
a diode used for a 2.45 GHz rectenna is on the order of 
60 V. The CJ0 and Rs with this breakdown voltage are 
several pF and less than 1 Q respectively which are small 
enough to operate at 2.45 GHz. The breakdown voltage 
is much larger than the junction voltage of the diode which 
is about 0.8 V. Therefore the efficiency of the efficiency 
vs input power curve in Fig. 2 can increase nearly to 100% 
before reaching at the region where the breakdown effect 
is dominant. For 35 GHz rectenna, CJO should be reduced 
to the order of 0.1 pF. But this reduction results in the 
increase of Rs and the decrease of Vbr. The typical value 
of Vbr of a Ka-band mixer diode is 10 V with Rs of 4-8 fi 
and CJ0 of 0.1 pF. The efficiency would be low with this 
small value of Vbr because the junction voltage effect is 
still not negligible even at the maximum efficiency point 
of the efficiency vs input power curve as illustrated in Fig. 
2. Consequently, it is important to have a good trade-off 
between the diode parameters in designing a diode. The 
closed-form equation derived in the next subsection will 
be useful to design a diode for a high frequency rectenna. 

B. Derivation of Closed-form Equation for Conversion 
Efficiency 

The equivalent circuit of the Schottky diode is shown 
in Fig. 3. The diode consists of a series resistor (Rs), a 
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DC Load 

Fig 3 Equivalent circuit of a Ka-band bcamlcad Schottky diode used for 
the derivation of a closed-form equation. Rt and C, model the intrinsic junc- 
tion for the diode. Rs is the parasitic series resistance of the diode and RL 

is the dc load. 

nonlinear resistor {R;) described by the I-V relationship 
of a diode at dc, and a nonlinear junction capacitance (C;). 
The reactive parasitic elements of the physical diode are 
excluded from this model because they can be tuned out 
without affecting the rectifying efficiency. The closed- 
form expressions for the rectifying efficiency and the ef- 
fective microwave impedance of the diode are derived 
with the following assumptions. 

1) The voltage V applied between node A and C con- 
sists of the dc term and the fundamental frequency 
only. 

2) The current due to the junction capacitance is neg- 
ligible when the diode is forward biased. 

3) The forward voltage drop across the intrinsic diode 
junction is constant during the forward-bias period. 

The first assumption is reasonable considering that the 
magnitude of the higher order harmonics is usually small 
compared to those of the dc and fundamental components. 
The second assumption is based on the fact that the change 
of Vd in Fig. 3 is small during the forward-bias period. 

Under these assumptions, the voltage waveform of V 
and Vd can be expressed as follows: 

V = - V0 + Vx cos («/) (1) 

VA  = 
- VJQ + Vdl cos (wr - d>),       if diode is off 

Vf if diode is on. 

(2) 
The voltage V0 in (1) is the output dc voltage and the volt- 
age Vt is the peak voltage of an incident microwave. V& 
and Vdx are the dc and the fundamental frequency com- 
ponents of diode junction voltage Vd, respectively, when 
the diode is off. Vf is the forward voltage drop of the diode 
when the diode is on. V0 is known by specifying the out- 
put dc power. The efficiency and the diode effective 
impedance are calculated by relating the other variables 
such as V), VJQ, Vdl, and 4> to the known variable of V0. 

By applying KirchofFs voltage law along the dc-pass 
loop shown as a dotted line in Fig. 3, the dc voltage 
("" vd DC) °f vd 's related to the dc component of V ac- 

cording to 

Vn   = 
vd.DC 

1 + r (3) 

where r = RjRL and RL is the dc load resitance as shown 
in Fig. 3. K*.DC introduced here is the average value of 
the waveform Vd, and VM in (2) is the dc component of 
the waveform Vd in turn-off period. Therefore, K/.DC is 
derived by taking an average of Vd over one full period as 

/ voff o - f) + d\ sin 6 off -*5? (4) 

where 0off is the phase angle where the diode is turned off 
as shown in Fig. 4. The phase variable 6 is defined as 
6 = ut ~ <t>. Since the switching of the diode occurs when 
Vd is equal to the forward voltage drop Vf of the diode, 
0off is calculated by 

cos dn(f = off 
V/+ v* 

d\ 
(5) 

On the other hand, the equation for the current flowing 
through Rs is written as follows when the diode is off: 

d(CjVd) 
(6) 

Since C, is a monotonic increasing funtion of Vd, C, can 
be expanded as follows: 

Cj = C0 + C, cos («f — dj) 

+ C2 cos (2w/ - 20) + (7) 

Substituting Cj into (6) with a Fourier series of (7) and 
neglecting the terms higher than the second harmonic, the 
equation becomes 

"*s(Ci K*> ~ C0Vdl) sin (or -0) 

" Vd0 ~ ^o + iV\ cos <(> - Vdl) cos («I ~<t>) 

~ Vx sin <t> sin («r - 0). (8) 

Since the above equation should hold during the off period 
of the diode, each term should separately zero. 

Vdo= Vo 

ydi = v{ cos <t> 

Vf sin <f> = ü)/?S(C0K/. ~ CtVm + C2Vdx) 

The phase delay is obtained from (9) as follows: 

(9a) 

(9b) 

(9c) 

0 = arctan wR< 
c, cos e0(f 

C0 : • + C, 
1 + vf 

= arctan (wRsCtU) (10) 

where vf * Vf/VQ. From (3), (4), (5), and (9a), the re- 
lationship between 0off and r is derived as 

rr 

1  + Vf 
= tan e0„ - e, 'off- (11) 
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Voltage 

Fig. 4. Simplified time-domain waveform of voltage V and Vd. Vd is the 
voltage between intnnsic diode. V is the voltage between A and C of 
Fig   3. Variable 8 is defined as 6 = ut - <t>. 

0off is determined by the ratio of Rs to RL and the ratio of 
the forward voltage drop Vf to the dc output voltage V0. 
Vf is solved with the l-V relation of the diode: 

^«»(S)-1»- R* 
(12) 

V\ in (12) is a function of 0off and therefore f/cannot be 
solved without first knowing 0off. However, since the left 
term is of exponential form I^does not vary significantly 
from the cut-in voltage of the diode which is about 0.6 to 
0.8 V for a GaAs-Pt Schottky diode. Therefore, 0off is 
solved from (11) substituting Vf with a typical value of 
the cut-in voltage of the diode. 

Once 0off is solved from a given V0, Rs, and RL, the 
efficiency and the input impedance can be calculated from 
the time domain waveform V and Vd. These waveforms 
are expressed as a function of 0off, diode parameters, and 
VQoxVv 

Pnr   = DC 

loss = LOSS on./?5 + LOSS on.diode 

+   LOSS0ff,Aj   +   LOSS0ff dl0de 

LOSS on.Ks 

LOSS on.diode 

J_ 
2TT 

J_ 
2TT 

(V -  Vf) 
— d6 

Rs 

(V - Vf)Vf 
dd 

LOSSoffJ?s = — 
Z7T 

LOSS off. diode 
2TT 

2* - »,,„ 

2* - 

efficiency = 

-Boil 

DC 

Rs 

{v - vdf 
Rs 

(V -  VäWd 
Rs 

dB 

dd 

+   PT 
(13) 

loss  ^  * DC 

where the variable 0 is substituted forwr — <t>. The current 
(/) flowing through Rs can be expressed as follows: 

/ = /0 + I\r cos (tor) + /,, sin (u>/) 

k  = 
1 

2T/?, (i -«on 
{V - Vf)dd 

+   I (V - Vj) dd 
.'«..it 

l\, = -=-) 1       (V- Vf)co$<8 + <t»dd 

:» - «..it 

»..r 
(V -  Vd) cos (0 + <t>) dd ) 

(',„, 
'■■ Ä -jri  \        (^-  ^)sin(0 + «)<tt 

7r/?5 (   J -0.... 

(»   - Ky) sin (0 + 0) dd 1 (14) 
e,.fi 

The input admittance of the diode at the fundamental fre- 
quency is calculated as 

Y = (15) 

If the susceptance part resonates with the dc pass filter in 
Fig. 1, the input impedance to be matched to the antenna 
becomes the inverse of real part of Y. 

To vJidate the closed-form equation the conversion ef- 
ficiency calculated with the closed-form equation was 
compared with the results simulated by a nonlinear circuit 
computer program (LIBRA). The efficiency of the diode 
as defined by the ratio of output dc power to the net power 
transmitted to the rectenna is compared in Fig. 5 for 10 
and 35 GHz. The diode parameters used for the calcula- 
tion are summarized in Table I. Since the effect of Vbr was 
not included in the closed-form equation, the efficiency 
calculation using the closed-form equation terminated 
when the negative peak of the diode junction voltage 
reached Vbr. At 10 GHz the efficiency calculated with the 
closed-form equation is close to the efficiency calculated 
with LIBRA. At 35 GHz there is relativly big difference 
in efficiency showing approximatly 10% of difference in 
the region where the efficiency calculated with LIBRA is 
not affected by the finite Vbr. Increase of the difference at 
35 GHz is considered to be caused by the effect of non- 
linear junction capacitance which becomes dominant at 
the high frequency. The closed-form equation is not ac- 
curate enough to be used for the design of the high fre- 
quency rectenna. However, it can be used to estimate the 
preliminary efficiency of rectenna with any kind of diode 
at any arbitrary frequency. This is important because it 
predicts the efficiency level achievable through the non- 
linear circuit optimization which usually takes a long time. 
It also explains how the efficiency is decreased by break- 
ing down the power dissipation mechanism in the diode. 
In the next subsection we calculated the power conversion 
efficiency of an ideal diode using the closed-form equa- 
tion. 

C. Power Conversion Efficiency of Ideal Diode 
The power conversion efficiency of an ideal diode with 

a finite Rs and C. was calculated using the closed-form 
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Fig.   13      //-plane   pattern   of  a   two-element   aperture-coupled   active 
array. 

(a) 

Fig 14. Oscillator spectra (a) before and (b) after injection locking. 
Vertical: 10 dB/div. Horizontal: 100 IcHz/div. Center frequency: 
2.384 GHz 

injection lock the free-running oscillator by mutual cou- 
pling. 

Fig. 12 shows the £-plane pattern of the active array 
when only the sweeper is "on," when only the oscillator is 
■'on." and when bo'.h sources are "on." When one of the 
sources was disengaged, a 3 dB beam width of about 90° 

was measured. This beam width was reduced to 65° when 
both sources were "on." Furthermore, the power with both 
sources operating was about 2 dB higher than the power 
with any single source operating. This shows that the array 
is exhibiting good power-combining properties. With both 
sources on, the main lobe is centered at roughly 25°. This 
off-center condition is due to the different lengths of the 
transmission lines used to connect antennas and sources. A 
phase difference thus exists between the two sources. This 
difference can be adjusted and overcome by the use of a 
transmission line section or phase shifter. 

Fig. 13 shows the //-plane pattern of the array. It can be 
seen that no matter which sources are operating, the an- 
tenna pattern remains relatively unchanged. This is to be 
expected since the antennas are arranged for /.'-plane 
coupling. Very little //-plane coupling can be expected. 
The antenna //-plane beam width was about 120°. 

The injection locking through mutual coupling was also 
demonstrated. Fig. 14 shows the oscillator spectra before 
and after the injection locking. It can be seen that injection 
locking has a dramatic effect in reducing oscillator noise. 
The locking bandwidth was measured to be 2.15 MHz. 
Assuming an injection-locking gain of 20 dB. the locking 
bandwidth corresponds to an external Q factor of 217. The 
narrow locking bandwidth and high Q factor are believed 
to be due to the high-(? transistor oscillator. 

VII.   CONCLUSIONS 

Two types of active antenna elements have been investi- 
gated. The first type uses active devices directly mounted 
on the antennas. The second type uses an aperture-coupled 
microstrip to patch antenna circuit which can be used to 
accommodate a transmit-receive module. A two-element 
array was built and demonstrated in both cases. Injection 
locking was achieved by using either mutual coupling or an 
external master source. Good power-combining efficiency 
was achieved for both circuits. An electronic tuning range 
of over 9 percent was achieved for the single active an- 
tenna element and of about 1 percent for a two-element 
array. 
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The low pass filter which consists of three transmission 
line sections was optimized using TOUCHSTONE. The 
cutoff frequency of the low pass filter was located be- 
tween the fundamental and the second order harmonic. 
Because the coplanar strip line was not available in 
TOUCHSTONE, an ideal transmission line was substi- 
tuted for the optimization. The ideal transmission line was 
converted to the physical transmission line using the 
closed-form equation in [15]. The dimensions of the 
transmission lines are shown in Table II. The Duroid sub- 
strate was 10 mils thick with a 2.2 dielectric constant. 

The efficiency and the reflected power have been cal- 
culated through the nonlinear circuit simulation (LIBRA). 
The circuit model for the simulation is shown in Fig. 7. 
The efficiency was maximized by adjusting LA of the dc 
pass filter. The optimum length of LA was 0.022 \0. The 
circuit configuration and the photograph of the actual cir- 
cuit are shown in Fig. 8. The circuit was fabricated on a 
substrate having a thin (10 /im) copper layer because the 
smallest gap of the circuit was 100 fxm. This thickness is 
still 30 times larger than the substrate skin depth at 35 
GHz. The circuit was etched using the conventional 
method and a beamlead diode was mounted on the circuit 
with a silver epoxy. 

C. 35 GHz Rectenna Measurements 

The overall efficiency is defined as the ratio of the out- 
put dc power to the incident power. The incident power 
includes both input power to the rectenna diode and re- 
flection power. A waveguide array simulation technique 
[16] was used to measure the overall efficiency. This tech- 
nique permits the generation of high power densities and 
the accurate measurement of efficiency. The measurement 
setup is shown in Fig. 9. A special waveguide expander 
was fabricated to appropriately simulate the rectenna ar- 
ray. The smaller side of a ATö-band waveguide (WR-28) 
was enlarged to make the cross section at the end of the 
waveguide expander be square. The longer side was not 
expanded in order for the mainlobe of the simulated array 
to be located in the same direction as that of two plane 
waves constructing the TE,0 mode. The area of the ex- 
panded cross section was 0.28 inch by 0.28 inch. This 
area is 40% larger than the effective area of a dipole an- 
tenna located a quarter wavelength above a ground plane. 
Therefore, the actual reflection of the rectenna might be 
smaller than the value measured with this setup. A photo 
of waveguide expanded section, a quarter wavelength 
spacer and a reflecting ground plane are shown in Fig. 10. 
The quarter wavelength spacer was placed between the 
rectenna and the reflecting plane. 

The measured data is plotted in Fig. 11. The circles 
show the measured efficiencies which are defined as the 
ratio of the dc output power to the input power into the 
diode. The simulated results have been plotted together 
for comparison. The theoretical efficiency with 100 Q dc 
loads are better than those with 400 ti loads. The highest 

TABLE II 
OPTIMIZED LENGTHS OF COPLANAR STRIP LINES OF 35 GHz RECTENNA 

LI                                L2 
(mm)                              (mm) 

L3                                   L4 
(mm)                           (mm) 

0.92                                1.19 0.58                                0.18 

Zhcgh: 245 ß   Width: 0.2 mm   Gap: 0.4 mm 
2low: 130 W    Width: 0.5 mm    Gap: 0.1 mm 

Power Sampler    Low Piu Filler 
(D PWR SMP) 

DC Pia Rlter 

U 

Fig. 7. Circuit model of 35 GHz dipole rectenna for the nonlinear circuit 
computer simulation (LIBRA). Z,n(/): Antenna input impedance at the ith 
harmonic frequency. The real pan of the antenna input impedance is used 
as a source resistance for the power source. The dual port power sampler 
(DPWRSMP) is used to measure the input and the reflected power. 

Fig. 8. 35 GHz dipole retenna. (a) Circuit configuration, (b) Photograph 
of an actual circuit. 

Quo OacDUlor 
Max. Power: 20CkaW 

35 Cfflx 

Wwepnde Spacer 
Expander 

Fig. 9. Experimental setup for the measurement of the overall efficiency 
and the reflected power of a 35 GHz rectenna. 
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Fig. 10. A waveguide expanded section assembly consisting of a wave- 
guide expander, a quarter wavelength spacer, and a reflecting plane. 

70 
Diode:   Model   DMK6606(Alpha).   Rs=4-8Q, Cjo=0.13pF, Vbr=9V 
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Diode:   Model_ DMK6606(Alpha).   R$=4.8n, Cj0=0.13pF,Vbr=9V 
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Fig. 11. 35 GHz to dc power conversion efficiency, (a) With a 400 fl dc 
load, (b) With a 100 fl dc load. The efficiencies calculated by LIBRA are 
plotted together to compare with the measured result. The diode parameters 
used for simulation are listed in Table I. 

efficiency measured was 39%. The measured maximum 
efficiencies for 100 and 400 ft loads are about the same. 
But the reflection power is 12% of the incident power at 

16 dB 

120 ohm» 

X        Xr-j 
Amplifier Bim Nef«*t 

Fig. 12. Experimental setup for the measurement of the conversion effi- 
ciency of a Ka-band beam-lead diode at 10 GHz. 

Dlod«:   Model   DMK6606(Alpha),    RgeftMQ, Cjo=0.13pF, Vbr=9V 
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- H «  
,<3- 

Q- 

20 40 80 
—r— 
so 

-1— 
100 

-1— 
120 

Input  Power     [mW] 

Fig. 13. 10 GHz to dc conversion efficiency of a Aa-band diode measured 
with 120 Q dc load. 

400 Q load and 21 % of the incident power at 100 Q load. 
The reflection can be reduced in the array environment. 

D.  Measurement of Power Conversion Efficiency at 
10 GHz 

The power conversion efficiency of a Ka-band diode 
(Model DMK6606, Alpha Industries) was measured at 10 
GHz. A coaxial cable directional coupler and 50 ß coaxial 
cables were used in the measurement as shown in Fig. 12. 
The circuit consisted of a 50 fl microstrip transmission 
line and a beam-lead diode. One end of the beam-lead 
diode is connected to the end of microstrip line and the 
other end is connected to the ground plane through a hole. 
The dc output power was extracted using a bias-T net- 
work. The efficiency was measured with and without the 
open stub tuner illustrated in Fig. 12. The measured effi- 
ciencies are plotted in Fig. 13. There was approximatly 
10% of improvement with the open stub tuner. The effi- 
ciency with the open stub tuner approaches 60% which is 
agreed with the results from nonlinear computer simula- 
tion results. 

IV. CONCLUSION 

A 35 GHz rectenna has been developed with 39% of 
power conversion efficiency. The rectenna used a micro- 
strip dipole and a ATa-band mixer diode. A computer pro- 
gram LIBRA was used to optimize the rectenna for the 
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high conversion efficiency. The net power conversion ef- 
ficiency of the same diode was measured at 10 GHz using 
a simple rectifying circuit. The net conversion efficiency 
was 60%. If the impedance of a antenna is matched to a 
rectifying circuit, 60% efficiency would be possible at 
GHz with this diode. A closed-form equation was derived 
for the analysis of the high frequency rectenna by neglect- 
ing the higher order harmonics. In order to estimate the 
maximum efficiency limited by a finite Rs and C)0, a net 
conversion efficiency of an ideal diode with the same Rs 

and Cjo was calculated using the closed-form equation. 
With the Ka-band diode used for 35 GHz rectenna, the 
maximum efficiency was calculated to be approximativ 
60% at 35 GHz. The actual maximum efficiency is smaller 
than this efficiency due to the effect of the finite forward 
voltage drop and the breakdown voltage. 
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Electronically Switchable and Tunable 
Coplanar Waveguide-Slotline 

Band-Pass Filters 
Yong-Hui Shu, Julio A. Navarro, and Kai Chang. Fellow. IEEE 

Abstract —A novel coplanar waveguide (CPW) slotline band-pass filter 
has been developed. The circuit allows planar integration of active and 
passive semiconductor devices both in series and in shunt. To test the 
filter, a new microstrip to slotline transition was designed and two of 
these transitions exhibited an insertion loss of less than 1.0 dB over the 
2.0 to 4.0 GHz range. A three-section CPW-slotline band-pass filter 
demonstrated an insertion loss of less than 0.2 dB over the passband 
centered at 2.9 GHz. A three-section CPW-slotline switchable band-pass 
filter integrated with three p-i-n diodes was developed with a 0.7 dB 
insertion loss in the passband when the p-i-n diodes are OFF and 25.0 dB 
isolation across the entire band when the p-i-n diodes are ON. A 
three-section CPW-slotline varactor-tunable filter integrated with three 
varauor diodes was demonstrated with a 2.0 dB insertion loss and over 
20"«- electronic tuning range. Simple transmission line circuit models 
were used to optimize the design. 

I. INTRODUCTION 

THERE is an increasing demand to use microwave and 
millimeter-wave hybrid and monolithic integrated cir- 

cuits for many system applications. Because of their planar 
nature, these circuits offer cost, weight, reliability, and repro- 
ducibility advantages when combined with photolithographic 
techniques. Microstrip has been the main transmission line 
used in microwave circuit design, partly because of the vast 
amount of design information available. Although semicon- 
ductor devices can be readily integrated in series, shunt 
devices must be mounted by drilling through the substrate. 
Drilling adds cost and discontinuities which make the design 
more difficult and degrade the performance, especially at 
millimeter-wave frequencies. Furthermore, the microstrip 
impedance and guided-wavelength characteristics are very 
sensitive to substrate thickness, which further increases de- 
Mgn problems at higher frequencies. 

Coplanar waveguide (CPW) is an alternative transmission 
line that is truly planar and allows easy series and shunt 
device mounting. CPW is not very sensitive to substrate 
thickness and allows a wide range of impedance values on 
relatively thick substrates. The radiation loss in the CPW 
odd mode is low for an open transmission line. These charac- 
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MICROSTRIP OPUS \K U v\K,l im: 

Fig.  I.    Cross-sectional view of microstrip line, slotline. and copl.irur 
waveguide. 

teristics make CPW important for millimeter-wave circuits 
and have aroused considerable interest in microwave and 
millimeter-wave integrated circuit design [l]-[3j Although 
several papers [4]-[6] analyze the characteristics and advan- 
tages of CPW. there are only a limited number of CPW 
components available for circuit design. These components 
include directional couplers [6j-(7], mixers [8]. [9]. diplexers 
[10], [11], and end-coupled resonant CPW filters [12]. This 
paper describes the integration of microstrip. slotline. and 
CPW to create a novel CPW slotline band-pass filter and a 
new microstrip-to-slotline transition. 

Fig. 1 shows a cross-sectional view of each of these trans- 
mission lines. The filter uses CPW resonators interconnected 
via slotline. The filter is planar and allows easy series and 
shunt device mounting. Transmission line models were de- 
veloped to design the filters. To test the filters, a new 
microstrip-to-slotline transition was developed. Thi^ transi- 
tion is unique and differs from previous transitions .3) due 
to the advantage of providing dc blocks required for device 
biasing and low-pass filters to reduce the transition loss. 

A pair of microstrip-to-slotline transitions was developed 
with a 1.0 dB loss throughout the 2.0 to 4.0 GHz band. A 
three-section CPW-slotline filter was developed with less 
than 0.2 dB insertion loss in the passband and over 30.0 dB 
isolation in the stopbands. Integrating three p-i-n diodes in 
the three-section filter created a switchable filter. When the 
p-i-n diodes were reversed-biased. the switchable filter exhib- 
ited a 0.7 dB insertion loss in the passband and over 30.0 dB 
in the stop bands. When the p-i-n diodes were forward- 
biased, the switchable filter exhibited over 25.0 dB insertion 
loss. Integrating three varactor diodes in the three-section 
filter created a tunable band-pass filter. The varactor- 
tunable filter exhibited a 20% electronic tuning range with 
2.0 dB insertion loss in the passband and over 20.0 dB 
isolation in the stopbands. 

The circuit design was based on simple transmission line 
models. The insertion loss of the microstrip, slotline. and 
CPW was included. The discontinuity effects between the 
slotline and coplanar resonator were not included. The para- 
sitics of the devices were obtained from the vendor catalog. 

0018-9480/91 /0300-0548S01.00 ©1991  IEEE 
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(a) (b) (0 (d) 

Fig. 2. Different microstrip-to-slotline iransilions. (Solid line: microstnp line. Dashed line: slotline.) (a) Soldered 
microstrip short and uniform A /4 slotline. (b) Virtual short with uniform A /4 open microstnp and uniform A /4 slotline 
(c) Soldered microstrip short and slotline open circuit through nonuniform circular slotline. (d) Virtual short with 
nonuniform circular microstrip and slotline open circuit through nonuniform circular slotline. 
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Fig   '■>.    The novel microstrip-to-slotline transition: (a) configuration: 
(b> equivalent circuit. 

which gives typical values only. Even with these uncertain- 
ties, the analysis did predict the performance of the transi- 
tions and filters. Better agreement between theory and ex- 
periment could be achieved with more accurate information 
and analysis. 

These new filters offer low passband insertion loss and 
high stopband isolation. The theoretical and experimental 
results agree well. These filters are amenable to monolithic 
implementation. The circuit configurations should have many 
applications in microwave and millimeter-wave systems. 

II. MICROSTRIP-TO-SLOTLINE TRANSITION 

Low-loss, wide-band microstrip-to-slotline transitions have 
been reported in the literature. Schuppert (13] reviews the 
different transitions shown in Fig. 2. These transitions offer 
good performance and are widely used for circuit design. 
Owing to the requirements of device biasing, we developed a 
new microstrip-to-slotline transition which incorporates a dc 
block and a slotline low-pass filter for an RF choke. 

Fig. 3(a) shows the microstrip-to-slotline transition circuit. 
The circuit consists of two microstrip-to-slotline transitions, 
two slotline low-pass filters, and two dc blocks for device 
biasing  Fig. 3(b) shows the equivalent circuit for the transi- 

tion. Clim and CM represent the open circuit capacitance for 
microstrip and slotline, respectively. The transmission line 
characteristic impedance of microstrip and slotline are de- 
fined by Z,„0 and Zs0, respectively. Z„l(, is equal to 50 H 
while Zi{) is equal to 60 Ü, respectively. Z, and ZH are the 
low and high impedance values used in the slotline low-pass 
filter design, respectively. The transformer ratio. N. is re- 
ported by [14] to be 

N = 

where 

rb/2 
V(h) = - f '- Ev(h)dy 

'-ft/2 

(1) 

(2) 

where h is the thickness of the substrate, b/2 is the length 
of the microstrip feed to the slotline. V{) is the voltage across 
the slot, and Ey(h) is the electric field of the slotline on the 
dielectric surface on the opposite side. From Conn's analvsis 
[15], 

Vn 
£»C0 = --r lcos. b \ A, 

2-U 
h\ -cot(q,,)sin 

2TTU 

where 

2~U 1 I 
»Vd = h + arctan I — 

l/ = le.-P 

V = - 1 

(3) 

(4) 

(5) 

(6) 

where AfJ is the guided wavelength of the slotline. 
A computer program based on the equivalent circuit of 

Fig. 3(b) was developed and used to analyze and optimize 
the transitions performance. The lengths of the microstrip 
open stubs (Lm), each section of the slotline low-pass filter 
(Lt,L2,L7l,L4,L!) and interconnecting slotlines (L0) were 
optimized at fixed characteristic impedance values for the 
required reflection (5,,) and insertion (52l) characteristics. 
The program was optimized for maximum insertion loss (S21) 
of -0.5 dB with a minimum return loss (Su) of -20 dB 
throughout the 2.0 to 4.0 GHz range. Closed-form equations 
for microstrip [16], [17] and slotline [18] transmission lines 
were used to analyze the circuit parameters. The transitions 
were fabricated on a 50-mil-thick RT-Duroid 6010.5 sub- 
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TABLE I 
Oi'iiMi/i.n  LIM.ins (it TRANSMISSION   LIM S OI- 

Mil ROSTKII'-I'O-Sl.OII.INI. 

TKANSIIIOS SHOWN IN Fie;. 3(a) 
ZH = 245 il. Z, - M) Ü. Z„„, = 50 Ü. Zrt, = 6() Ü 

Variable L» /-, /.: '-.« ^4 ^ *-m 

mm 26.70 4.W 0.90 I).7h 2.53 15.90 9.70 

REF   0.0    dB 
X 2.0    dB/ 
V     -0.992 7   dB 

j9   MAG 

MARKER    1 
3.0    GHz • T h c o r ) 

• Experimen1 

-     0   >- 

10 
2-0 3.0 Freq-GHi ■» 0 

Fig. 4.    Theoretical and experimental insertion loss of the transition. 
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Fig. 5.    The novel CPW-slotline band-pass filter: (a) configuration: 
(b) equivalent circuit. 

strate and the 5 parameters were tested using standard SMA 
connectors with an HP-8510 network analyzer. Table I lists 
the optimized circuit dimensions and Fig. 4 shows the theo- 
retical and experimental insertion loss of the transitions, 
respectively. The experimental insertion loss of two transi- 
tions is less than 1.0 dB in the 2.0 to 4.0 GHz frequency 
range. This loss performance is considered very good since it 
includes two coaxial-to-microstrip transitions, two microstrip- 
to-slotline transitions, and a 26 mm length of slotline. Over- 
all, the theoretical and experimental results agree well. This 
circuit was used to test the CPW-slotline filters. 

III. THE CPW-SLOTLINE BAND-PASS FILTERS 

Fig. 1 shows a cross-sectional view of the CPW transmis- 
sion line. CPW allows the easy integration of series and 
shunt devices on a planar transmission line. Previous CPW 
band-pass filters [1] used end-coupled resonators. Although 
these circuits show good performance, device mounting and 
biasing are difficult to incorporate. This section describes the 
use of CPW resonators coupled via slotlines to create a new 
CPW-slotline band-pass filter. 

The most basic design element of a band-pass filter is the 
resonator. Resonators can be designed with a combination of 
open and short terminations. Because of the ease of device 
integration, our Filter uses CPW resonators with an open and 
a shorted end interconnected via slotline. Fig. 5 shows the 
novel CPW-slotline band-pass filter configuration and its 
equivalent circuit. The microstrip-to-slotline transition is used 
to test the filter. The insertion loss through a pair of transi- 
tions is about 1.0 dB across the 2.0 to 4.0 GHz range, as 
described in Section II. 
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TABLE II 
OPTIMIZED LINE LENGTHS OF CPW-SLOTLINE BAND-PASS FILTER 

SHOWN IN FIG. 5 
zH = 245 n. zL = 60 n, zm0 = 50 a. zi0 - 60 n. z, = 50 n 

Variable Lex ^2 Lci Lc> *.<! L,: 

mm 18.70 16.23 18.2A 17.00 3.00 1U.35 

From the equivalent circuit, a computer model using cas- 
cading transmission lines was developed. The model ac- 
counts for all open and short termination effects. The model 
optimized the CPW resonators and interconnecting slotline 
lengths to achieve at least 30.0 dB insertion loss in the 
stopbands (2.0-2.5; 3.3-4.0 GHz) and less than 0.2 dB in the 
passband (2.75-3.05 GHz). The closed-form equations for 
CPW in [18] were used to analyze the circuit parameters. 
The characteristic impedances of the CPW resonators and 
interconnecting slotlines are 50 ft and 60 il. respectively. To 
minimize optimization variables and form a symmetrical con- 
figuration, the lengths of the first and third resonators are 
equal to each other. The optimization variables LiX. L,:. 
Lcl, Lc2, Lc3 and LcA are shown in Fig. 5 and the optimized 
dimensions are given in Table II. 

The filter and transitions were fabricated on a 50-mil-thick 
RT-Duroid 6010.5 substrate and the S parameters were 
measured using standard SMA connectors with an HP-8510 
network analyzer. Fig. 6 shows the theoretical and experi- 
mental insertion loss of the filter with the transitions, respec- 
tively. In the passband, the theoretical insertion loss (includ- 
ing transition loss) is around 0.7 dB at a center frequency of 
2.9 GHz. The experimental results of the CPW-slotline filter 
with two microstrip-to-slotline transitions show a center fre- 
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CPW-slotline band-pass filter. 

quency of 2.9 GHz with an insertion loss of less than 1.2 dB. 
The actual loss due to filter excluding the transition loss is 
only 0.2 dB. The stopband isolation is greater than 30.0 dB 
except for a microstrip feedline stub resonance from the 
transition at 2.1 GHz. The feedline resonance is due to the 
quarter-wavelength stub (Lm in Fig. 3(a)) resonating at 2.1 
GHz. The effect could be eliminated by using a \\ stub. The 
stub resonance was verified using the HP-8510 time- 
domain functions. The filter was isolated to show that the 
spike at 2.1 GHz was not due to the filter. The theoretical 
model generally predicts the experimental performance. The 
design can be easily modified to» different frequencies and 
passband characteristics. 

IV. P-i-N DIODE SWITC HABLF CPW SLOTLINE 

BAND-PASS FILTERS 

Switchabie band-pass filters have many applications in 
microwave systems. Martin et al. [19] integrated p-i-n diodes 
into a ring resonator to form a switchabie ring resonator. 
This section describes the integration of ^-i-n diodes into the 
planar CPW-slotline filter to create a switchabie microwave 
filter. The p-i-n diodes are mounted over the open end of 
the CPW resonators. Fig. 7 shows the circuit configuration 
and equivalent circuit of the three-section, three-diode 
switchabie filter. The p-i-n diode has the equivalent circuit 
shown in Fig. 8. Rf is the forward-biased series resistance of 
the diode while Rr is the reversed-biased series resistance. 
C, represents the junction capacitance and Lp and Cp repre- 
sent the package parasitics. L, accounts for the inductance 
of the bonding wire to the semiconductor material in the 
diode. The p-i-n diodes used are M/A COM 47047's with 
Lp = 2.0 nH. Cp = 0.1 pF, L, - 0.2 nH, and C, - 0.3 pF at 
-50 V and Rf« 1.3 H at 100 mA. Although Rr is not 
quoted, similar reversed-biased devices show a resistance of 
2 Cl. These values were used in the computer model analysis 
and optimization. 

In the design procedure, while the p-i-n diodes are re- 
versed-biased (OFF- state), the lengths of the resonators and 
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The   p-i-n   diode   switchabie   CPW-slotline   band-pass filter 
(a) configuration: (b) equivalent circuit. 

Fig. S.    The equivalent circuit of a p-i-n diode 

TABLE 111 
OPTIMIZED LENGTHS OI- IHE THREE-SECTION. THREE -P-I-N DIODE 

SWITCHABLE CPW-SLOTUM  BAND-PASS FILTER 
SHOWN I\ FIG. 7 

ZH = 245 i\. ZL = 60 Jl. Z„„, = 50 Q. Z,n = 60 0. Z, = 50 11 

Variable /->-. LtZ L,y KA Lit *-.: 
mm 19.99 15.45 14.93 12.19 3.18 9.23 

interconnecting lines are optimized to provide low insertion 
loss in the passbano and high rejection in the stopbands. The 
p-i-n diodes are then forward-biased (ON state) to determine 
if the circuit meets the isolation specification across the 
whole band. The circuit was optimized for minimum inser- 
tion loss in the passband when the p-i-n diodes are 
reversed-biased and maximum isolation when the p-i-n diodes 
are forward-biased. 

Table III shows the circuit dimensions for the switchabie 
filter. The switchabie filter was fabricated on a 50-mil-thick 
RT-Duroid 6010.5 substrate and the 5 parameters were 
tested using standard SMA connectors with an HP-8510 
network analyzer. Fig. 9 shows the theoretical and experi- 
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Fig. 9.    The iheoreticai and experimental results of the p-i-n diode 
switchable band-pass filter. 

mental results of the switchable filter. From the theoretical 
results, the center frequency is 3.0 GHz with an insertion 
loss (including the transition loss) of 1.0 dB when the p-i-n 
diodes are OEF. When the p-i-n diodes are ON, the isolation 
is at least 30.0 dB across the 2.0 to 4.0 GHz range. The 
experimental results indicated an insertion loss of 1.7 dB in 
the passband and over 25.0 dB isolation except for a spike at 
2.1 GHz. The reasons for the spike are explained in Section 
III. This loss includes the 1.0 dB loss caused by the two 
transitions: therefore, the actual filter loss is only 0.7 dB. 

This planar integrated circuit can be easily assembled at 
very low cost. The good switching performance has many 
system applications. Because of the planar nature, this cir- 
cuit is amenable to monolithic implementation. 

V. VARACTOR-TUNABLE CPW-SLOTLINE 

BAND-PASS FILTERS 

Electronically tunable microwave filters have many appli- 
cations in a wide range of microwave systems which require 
broad tuning ranges and fast tuning speed. Although YIG- 
tuned filters offer very wide tuning ranges, they are limited 
in tuning speed. Varactors can provide wide tuning ranges 
with high tuning speed for frequency agile systems. Hunter 
and Rhodes [20] have developed varactor-tunablc combline 
filters, while Makimoto and Sagawa [21] have developed 
varactor-tunable microstrip ring filters. This section de- 
scribes the integration of three varactors with the CPW- 
slotline filter to create a varactor-tunable band-pass filter. 
The varactors are mounted over the open end of the CPW 
resonator in the same manner as the p-i-n diodes of the 
switchable filter. Fig. 10 shows a photograph of the 
varactor-tunable CPW-slotline filter. The circuit configura- 
tion and equivalent circuit are the same as in Fig. 7, except 
that the p-i-n diodes are replaced by varactor diodes. The 
varactor equivalent circuit used in the circuit model is shown 
in Fig. 11. Rt is the series resistance of the diode while C 
represents the package capacitance. Ls accounts for the 
inductance of the bonding wire to the package. The junction 
capacitance, Cj(V), varies as a function of bias voltage from 

Fig.  10.    A photograph of ihc varactor-tunable CPW-slotline band-pass 
filter. 

Rs      Cj(V)      LS 

Fig. 11.    The equivalent circuit of a varactor diode. 

0 to 30 V. The varactor diodes used are from M/A COM 
(model 46600) with Ls = 0.2 nH, Cp = 0.25 pF. and Rs = 
8 Ü. Cj varies from 0.5 to 2.5 pF. These approximate values 
were used to optimize the circuit parameters in the model. 
The junction capacitance used in the circuit optimization was 
1.0 pF. The center frequency for the design optimization was 
set at 3.0 GHz with a ±200 MHz bandwidth. The circuit 
model optimized the passband to less than 1.5 dB insertion 
loss with more than 30.0 dB isolation in the stopbands. 

Table IV shows the optimized circuit dimensions for the 
varactor-tunable filter. The varactor-tunable filter was fabri- 
cated on a 50-mil-thick RT-Duroid 6010.5 substrate. Parts 
(a) and (b) of Fig. 12 show the theoretical and experimental 
results of the varactor-tunable filter. The frequency tuning 
range agrees well but there is a discrepancy in the band- 
width. The theoretical bandwidth increases at the lower end 
while the experiment shows an increase at the higher end. 
This discrepancy could be due to the simplified model used 
in the analysis. The model does not account for discontinu- 
ities of the CPW to slotline junctions, the variation of the Q 
factor of the varactor as a function of voltage, and the 
variation of the device parasitics. 

A tuning bandwidth of 600 MHz was achieved for varactor 
bias voltages of 0 to 25 V. The maximum insertion loss of 
2.15 dB (excluding the 1.0 dB transition loss) occurs at the 
low-end frequency of 2.7 GHz and decreases lo 0.7 dB at the 
high-end frequency of 3.3 GHz. The passband varies from 
250 MHz in the low end to 450 MHz in the high end. 
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Fig.  12.    The varactor-tunable CPW-slotline band-pass filter: (a) theo- 
retical insertion loss: (b) experimental insertion loss. 

TABLE IV 
OPTIMIZED LENGTHS OF THE VARACTOR-TUNABLE   CPW-SI.OTLINE 

BAND-PASS FILTER SHOWN IN FIG. 7 WITH P-I-N 
DIODES REPLACED BY VARACTOR  DIODES 

ZH - 245 Q, ZL = 60 n. Zm0 = 50 ft, Z((1 = 60 ft, Z. = 50 ft 

Variable tri LC2 tc3 Lei i-ji L,2 

mm 19.57 8.84 19.99 8.59 3.20 9.03 

Unequal passbands have been reported before for other 
types of varactor-tuned filters [21]. 

VI. CONCLUSIONS 

Novel CPW-slotline band-pass filters and microstrip-to- 
slotline transitions have been developed. Two transitions 
incorporating dc blocks and three-section slotline low-pass 
filters were designed to achieve 1.0 dB insertion loss over the 
2.0 to 4.0 GHz range. A novel band-pass filter was developed 
using three coplanar waveguide resonators cascaded by slot- 
lines. The filters were made switchable and tunable by incor- 
porating the p-i-n and varactor diodes in the resonators, 
respectively. Wide-band switching and tuning were achieved 

with low insertion loss in the passband and high isolation in 
the stopbands. 

A simple CAD model and a computer program have been 
developed to optimize the various parameters for the re- 
quired filter design. These circuits offer many advantages, 
among them low cost, low loss, high isolation, and ease of 
series and shunt device integration. The filters have many 
applications in various microwave systems. The circuits are 
amenable to monolithic circuit integration and can be scaled 
to the millimeter-wave frequency range. 
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