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Preface

The latest breakthrough in the continuing miniaturization of electronic systems is

made possible by the integration of circuit functions and radiating elements into

single modules. In a typical system implementation, electronic circuits and antenna

subsystems are often provided by different equipment vendors. Traditionally,

electronic circuits and antenna systems have been designed by different groups of

designers using different types of design tools, working independently on either side

of a well-defined interface, very often with very little interaction. This approach

leads to separately packaged circuit and antenna subsystems, connected by appro-

priate cables or waveguides.

Integration of circuits and antennas into single modules has been made possible

by the common technological features of radio frequency (RF) and microwave

circuits and printed microstrip antennas. The basic microstrip technology used for

the design of microstrip lines and other planar transmission structures (used

extensively in hybrid and monolithic microwave integrated circuits) has been the

cornerstone for the development of microstrip antennas. Using the commonality in

technology to combine circuit and antenna functions in single modules represents a

significant step in further miniaturization of RF and microwave modules for a variety

of applications including active phased arrays and wireless communication systems.

So-called quasi-optic systems that are used by grid arrays to generate high powers at

millimeter wavelengths are another important example. In several of these areas, the

use of circuit–antenna modules is sufficiently well developed that designers are now

requiring computer based tools for analysis, synthesis, and simulation. The need for

a book bringing these aspects together is thus apparent and we hope that this volume

is a timely contribution.

Traditionally, microwave circuit designers and antenna designers have used

different types of design tools. However, the design of integrated circuit–antenna

modules calls for concurrent design of both the circuit and antenna functions. Such

design requires a new set of design tools applicable to both domains or a hybrid

combination of tools so far used separately for circuit and antenna designs.

Analysis of circuit–antenna modules requires an appreciation of the various

analytical methods and their application, but also some understanding of the

xi



technology types and their application. In addressing these two needs, it is necessary

first to set the scene and to lay some foundation, then to give a detailed account of

analytic methods, and finally to review some operational and technology types that

have very specific and somewhat different analytical needs. This is the framework we

have adopted in putting this book together. After the introductory chapter, the CAD

process is reviewed. Four types of analysis methods are then described in detail.

Although not exhaustive, these chapters are representative of the various methods

currently being studied. Two chapters are then devoted to an analysis of very specific

configurations, namely, injection locked oscillator arrays and grid based structures.

The following two chapters indicate some important applications. They are devoted

to monolithic based modules and modules incorporating optical control. The book is

then drawn together in a concluding chapter.

Chapter 1 serves to set the context of the analysis of circuit–antenna modules.

The development of such modules is described together with some explanation of

the terminology currently used. A glossary of types is presented. This chapter aims

to show the range of configurations currently being studied and to highlight the

design challenges. The likely design parameters are then given, together with a

review of the design process for which analysis tools have to be developed. Finally,

an overview of the book chapters is given.

In order to develop designs for integrated circuit–antenna modules, an apprecia-

tion of the computer-aided design process is necessary. Chapter 2 starts with a

discussion of the design process in general. Conventional design, computer-aided

design, and knowledge based design approaches are outlined. Separate CAD

procedures for microwave circuits and printed microstrip antennas, as practiced

conventionally, are described. Then the discussion converges on CAD considerations

for integrated circuit–antenna modules implemented at various levels of integration

(nonintegrated, partially integrated, and fully integrated).

Simulations based on equivalent circuit analysis methods can provide fast results

with sufficient accuracy for first-pass designs. Chapter 3 gives an introduction to

equivalent circuit modeling of circuits and antennas. Both linear and nonlinear

simulations are described with examples including oscillating patch antennas,

amplified patches, frequency doubling transponders, and oscillator locking.

The multiport network method offers enhanced accuracy compared with simple

equivalent circuit methods and can be integrated with active device models. Chapter

4 introduces the concept of the multiport network model as developed for single-

layer and two-layer microstrip patch antennas. Applications of the multiport network

method to integrated circuit–antenna modules are discussed.

The field integral equation solved by the method of moments is now a well-

established tool for antenna and passive circuit analysis. The inclusion of lumped

elements has been described some time ago. In Chapter 5, the description is

extended to nonlinear structures such as diodes and transistors, with results showing

good agreement with measurements. The transmission line matrix (TLM) and the

finite difference time domain (FDTD) method are two numerical techniques that

overcome the need for the large matrix inversion necessary for the method of
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moments. Of the two, the FDTD method is extremely simple to implement and very

flexible. Chapter 6 outlines the method and its extension to active integrated

antennas.

Injection locked integrated antenna arrays possess dynamic characteristics that

are attractive for many applications, such as simple beam scanning and reduced

phase noise. Their behavior cannot be easily analyzed using the above methods, so

simplified equivalent circuit methods have to be used. In Chapter 7, the dynamic

behavior is comprehensively described using such methods.

Grid structures now offer the possibility of providing most of the functionality of

transmitter and receiver components in a distributed array form with interconnec-

tions by quasi-optical beams. The advantages are very efficient power combining,

graceful degradation, increased dynamic range, and reduced noise figures. In

Chapter 8, analysis using full wave methods combined with equivalent circuit

device models is described. By way of example, oscillator synthesis and grid

optimization are successfully performed.

One of the major challenges for circuit–antenna modules is the phased array

element fabricated entirely in monolithic technology, in which the transceiver and

antenna are both contained on the same chip. This poses what is perhaps the ultimate

test of an analysis or simulation tool. To set the scene for further research and

development in this area, the requirements for phased array modules are reviewed in

Chapter 9. The coverage ranges from conventional phased arrays with separate

transceiver and antenna to more recent integrated configurations.

Circuit–antenna modules can form a low cost component in the wireless local

access into fiber optic based networks, to provide high capacity services to domestic

or office users. Chapter 10 reviews this important application area and gives

examples of the analysis challenges inherent in their design. One such challenge

is the accurate design of filters for separation of the local oscillator from the signal,

in the presence of the antenna. In this work the equivalent circuit based methods,

described in Chapter 3, are used and the strengths and weaknesses of this approach

are noted.

A short chapter in which some conclusions are drawn completes the book. The

current status of computer-aided design tools is summarized from the earlier

chapters. Some thoughts on the likely future challenges that analysis will face are

then given. The chapter concludes with comments on what now remains to be done

to present designers with a full and flexible array of software to facilitate fast and

accurate design.

Recognition of the need for preparing a book on this topic emerged out of the two

workshops on this subject organized by the two editors of this book and presented at

the 1995 IEEE International Microwave Symposium in Orlando and the 1995 IEEE

International Symposium on Antennas and Propagation held at Newport Beach.

Both of these workshops were very well received and discussion brought out the

need for making a book on the analysis and design of integrated circuit–antenna

modules available to a wider audience. The present book is the result of those

suggestions.
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Gunn diode. With this value of impedance and frequency, the design problem

reduces to ®nding the patch dimensions and the location underneath the patch that

will yield the desired value of impedance. The MNM approach provides both the

answers to the design problem.

Table 4.3 shows the simulation results using MNM for a radiating patch to be

designed for an oscillation frequency of 6 GHz using the characterization for a

MA49139 Gunn diode in Fig. 4.41 for the con®guration shown in Fig. 4.40. The

width b of the patch is kept constant at 2 cm; the dielectric constant er � 2:2 and the

substrate height h � 62 mils.

From Table 4.3, it is seen that the location obtained from the simulation results is

not centered around the patch width. Hitherto, the practice (using transmission line

model) has been to center the Gunn diode along the patch width and then vary its

FIGURE 4.41 Typical impedance characterization plot for Gunn diodes. (From MA-COM

Semiconductor Products Master Catalogue, SP101, pp. 9±10, # 1988 M=A-COM; reprinted

with permission.)

TABLE 4.3 Design Example Using MNM for Gunn
Diode±Patch Integration

Pout (mW) Zin (W) a (cm) x (cm) y (cm)

100 25� j0 2.17 0.52 1.27

600 15� j5 1.53 0.50 1.32

4.4 MNM FOR INTEGRATED CIRCUIT±ANTENNA MODULES 165
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Work on active arrays has gone on since the late 1960s with major emphasis in

the late 1980s through the mid 1990s. Thus far, the driving force has been the

complex system needs of X- to Ku-band airborne radars. Here the large number of

T±R modules per system and the large number of aircraft platforms per system class

provide the potential quantities to justify large development programs.

The U.S. Air Force through contractural program at Texas Instruments has

provided pioneering early efforts [6±8]. These ®rst programs were named MERA

(Molecular Electronics for Radar Applications) and RASSR (Reliable Advanced

Solid State Radar). A MERA module is depicted in Fig. 9.5 and a RASSR module is

shown in Fig. 9.6. These modules were fabricated before X-band GaAs FETs were

available. The RF transmitters in these modules utilize S-band silicon bipolar

transistors and frequency multipliers to get to X-band.Such a con®guration produces

only a fraction of a watt with very low dc RF ef®ciency. Additionally, these modules

contain hundreds of parts, resulting in high cost and poor reliability. However, much

FIGURE 9.4 Block diagram of T-R module.

FIGURE 9.5 MERA module. (Photograph courtesy of J. Wassel, Texas Instruments.)
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FIGURE 9.6 RASSR module. (Photograph courtesy of J. Wassel, Texas Instruments.)

(a)

FIGURE 9.7a MERA array with dipole radiating elements.
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important groundwork was performed in these programs. Figure 9.7 shows MERA

and RASSR arrays.

9.2 PRESENT DEVELOPMENTS ON ACTIVE T±R MODULES

With continuing support from DARPA (ARPA), the three military services, and

private industry, much progress has been made. Programs such as MIMIC (Micro-

wave and Millimeter Wave Monolithic Integrated Circuits), HDMP (High Density

Microwave Packaging), and MAFET (Microwave Front End Technology) have

provided substantial funding. The MIMIC program has been a four-year program

to support GaAs T±R module chip set optimization along with developing design

and manufacturing tools to economically produce such chip sets. MAFET is a

follow-on program that places emphasis on computed-aided design (CAD) and

module packaging activities. These ARPA triservice programs supported major

industry teams. Figure 9.8 depicts a state-of-the-art module containing nine GaAs

chips [9]. Key parts of the T±R module include the following:

(b)

FIGURE 9.7b RASSR array with radiators. (Photographs courtesy of J. Wassel, Texas

Instruments.)
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Index

Absorbing boundary condition

Mur’s ABC, 233–237

PML, 233, 237–240

Active arrays, 4, 5, 333–334

free-running arrays, 269–272

fully active, 7

phased array(s)

concepts, 333

egg-crate honeycomb-structure, 335

MERA array, 340

module(s) early, 337

radiating elements, 338

RASSR array, 341

technology, 333

scanning array, 12

semiactive, 7

switching array, 12

Active device(s), 79, 343–345

HBTs, 344

HFETs, 344

GaAs FETs, 339

PHEMTs, 344

silicon bipolar transistor, 339

Active radomes and lenses, 13

Advanced (T-R) module packaging programs,

350–356

HDMP, 350–351, 353

MAFET, 350

MIMIC, 350

RF-WSI, 350–356

Amplifier

class-E, 324–325

integrated with patch antenna, 88

Amplitude dynamics, 263–264

Analysis

printed patches, 58

slots, 58

Analytical methods

comparison, 413, 414

overview, 411

ANN, see Artificial neural network

Antenna(s), 73–75

active, 4, 5

active integrated, 4, 6

amplifying, 7, 10

arrayed radiating elements, 337

broadcast receive, 5

circulator, 91

conventional, 334–335

diplexer, 375, 381–385

electrically short, 7

equivalent circuits, 73

FDTD characterization, 242–-246

frequency agile, 10

frequency conversion, 10

gimbals, 335

input impedance, 242

mixing, 10

optically controlled, 11

oscillating, 9

patch, 378–387

matching, 378–381

microstrip patch, 75

simulation, 389–391
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Antennas (continued)

phase-shifted elements, 336

polarization agile, 11

radiating elements, 333

radiation pattern, 96, 203, 242–246, 275, 321,

401

satellite communications, 5

self oscillating mixer, 10

slot, 73

fed by nonleaky coplanar waveguides,

246–247

modeling, 55–58

tapered slot, 74, 247–248

types, 73

vehicle

radio, 5

TV, 5

wideband, 7

Arrays

active, see Active arrays

free-running, 269–272

passive, phased arrays, 335–336

quasi-optics, 4,6

receiver array, 279

retrodirective array, 13

Artificial neural network (ANN), 32

Attachment mode, 182

Beam

scanning array, 12

switching array, 12

Beam-steering, see Scanning techniques

Bilateral nearest-neighbor injection-locking,

260–261

Bipolar PD, see photoHBT

Broadband coupling, 266

CAD, see Computer-aided design

Calibration standards, 187–189

Cavity model, 49, 77

Cellular handsets, 5

Circuit-antenna integration modules

full, 14

nonintegration, 14

partial, 14

Circuit-antenna modules

application, 5

types, glossary, 6–14

Circuit model, microstrip patch antenna, 75

Circular function, 309

Closed form analysis for radiation, 93

Compression technique, 211, 217–218

Computer-aided analysis, 32

Computer-aided design (CAD), 27–28

fully integrated modules, 62

integrated circuit-antenna modules, 61

microwave circuits, 29

nonintegrated modules, 61

partially integrated modules, 61

printed antennas, 47

Continuum model, 273–274

Coplanar waveguide (CPW), 213, 246

Coupled oscillators, 260–291

Coupling

delay, 267

networks, 261, 267–269

parameters, 267

phase, 267–268

resistance, 267

Contour integral method, 123

Deembedding procedure, 194, 196, 199

Desegmentation method, 123, 145–147

Design process, 14, 23

anatomy of, 23

computer-aided design (CAD), 27. See also

Computer-aided design (CAD)

concept generation, 24

conventional procedure, 25

initial design, 24

knowledge-aided design (KAD) approach, 28

Dielectric resonators, 74

Digital signal processing, 2

Diode phase shifters, 336

hybrid couplers terminated in varactor diodes,

336

switched lengths transmission line, 336

Direct matrix equation method, see Matrix

equation method, direct

Discrete components, 178

Discrete element, 194, 198

in a gap, 194

Edge admittance network, 123, 135

edge capacitance, 137

edge conductance, 135

edge inductance, 137

generalized edge conductance network, 136

Effective isotropic radiated power, 16

Effective loss tangent, 52

Electromagnetic (EM) simulation, 54

Equivalence principle, 174

Equivalent circuit models

active devices, 79

cavity model, 77

for nonlinear simulation, 97
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passive components, 77

transmission line, 75

two-dimensional, 76

Fast Fourier transform (FFT) algorithm, 214

FDTD, see Finite-difference time-domain

Ferrite, 333–338

circulators, 333

latching phase shifters, 336

nonreciprocal phase shifters, 337, 338

phase shifters, 336

reciprocal phase shifters, 337, 338

Fiber network local access, 5

Filter

bandpass, 377

bandstop, 395, 399, 403

microstrip coupled, 376

Finite-difference time-domain (FDTD)

central difference, 226

extended, 249–256

field excitation of the dominant propagation

mode

coplanar waveguide, 231

microstrip, 231

method, 54

stability criterion, 227

FM-IM, 361

Free-running arrays, 269–272

Frequency

electromagnetic approach, 211

conversion arrays, 13. See also Grid, frequency

doubler

doubling, 115

shift keying (FSK), 105

Full integration, see Circuit-antenna integration

modules

Galerkin procedure, 182

Generalized impedance submatrix, 183

Generalized admittance submatrix, 183

Global

approach, 210

electromagnetic analysis, 199, 202

electromagnetic approach, 173, 218

formulation, 217

method, 211

Green’s functions, 175, 177

Grid

amplifier, 8

directional coupler, 9

frequency doubler, 8

isolator, 9

modulator, 9

oscillator(s), 8

analysis, 304–313

design, 314–319

optimization, 320–323

phase shifter, 8

switching array, 9

Harmonic balance, 97

method, 44, 211, 212, 217–218

Harmonics, 106

High power transmitters, solid state, 338

Ideal source in method of moments, see Method of

moments, ideal source

IL, see Injection-locking

ILPLL, see Injection-locked phase locked loop

Impedance=admittance matrix elements, 183

Indoor communications, 5

Infinitesimal gap, 178

Injection-locked phase-locked loop (ILPLL),

293–295

Injection locking (IL), 112, 259, 280

Integral equations formulation, 174

Integrated equation method, 54

Integrated network analysis and electromagnetic

simulation, 62

finite-difference time domain (FDTD) method,

64

frequency domain simulation, 62

time domain simulation, 64

transmission line matrix (TLM) method, 66

Integration levels, 6

Interinjection-locking, see Coupled oscillators

Isotropic conversion loss, 16

Iteration matrix equation method, see Matrix

equation method, iteration

KAD, see Knowledge-aided design

Knowledge-aided design (KAD), 28

propose-critique-modify (PCM) approach for

initial design, 29

Kurokawa substitution, 296–298

Large signal

equivalent models, 80–83

simulation, 102

Laser

distributed feedback (DFB), 360, 365

dual-mode, 364–365

master=slave, 365, 366

Linear

frequency domain equation, 214

simulation, 83–87
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Link stability, 389

Loading condition in method of moments, see

Method of moments, loading condition

Locking range, 267

Low noise amplifier, 89

Lumped elements in method of moments, see

Method of moments, lumped elements

Mack–Zehnder, 363

frequency-doubling method, 365

optical modulation, 363–365

Matching network, for photoHBT-patch antenna

integration, 391

Matched termination in method of moments, see

Method of moments, matched termination

Matrix equation method

direct, 180

integrative, 180

Method of moments, 180

ideal source, 177

loading condition, 185

lumped elements, 178–179

concept, 189

N-port, 180

matched termination, 177

mixed potential formulation, 175

operator equation, 181

Microwave Design System (MDS) software, 84,

91, 384, 391, 402–403

Military radars, 5

Millimeter-wave, 360, 369

band, 2

Millimeter and submillimeter wave

beam scanning, 5

power generation, 5

signal processing, 5

Mixed potential formulation in method of

moments, see Method of moments, mixed

potential formulation

Mode-hopping, 264

Modeling of circuit components, 30

Monopole, active, 2

Multiport network method, 121

analysis, 142

approach, 122

examples, 58–161

feed network, 151–154

for two-layer antennas, 147–161

integrated circuit-antenna modules, 161–167

Gunn diodes with patches, 163–167

varactor diodes with patches, 161–163

patch network, 150–151

mathematical formulation, 155–158

Multiport network model (MNM), 121–158

Mutual coupling network, 124–125, 138–142

Mutual synchronization, see Coupled oscillators

Nearest-neighbor coupling, 266–267

Negative resistance, 265–266

Newton–Raphson algorithm, 214

Network modeling

antennas, 121

microstrip patches, 47

Nodal admittance matrix, 33

Noise performance, of the radio on fiber system,

374

Nonintegrated systems, see Circuit-antenna

integration modules

Nonlinear, 97

circuit analysis, 43

dynamic steady-state analysis, 214

simulation, see Equivalent circuit models,

nonlinear simulation

time domain equation, 214

Numerical

capacitance, 196

deembedding procedure,192

parasitic capacitance, 198

parasitic elements, 196

Operator equation for method of moments, see

Method of moments, operator equation

Optical heterodyning, 362

Optimization, circuit, 45

Oscillator

arrays, 326–328

class-E, 323–326

grids, see Grid oscillators

model

parallel, 265

series, 266

modeling, 265–266

patch, see Patch oscillator

Packaging effects, active antenna, 114

Parallel oscillator model, see Oscillator model,

parallel

Partial integration, see Circuit-antenna integration

modules

Passive

grid phase shifters, 337

phased arrays, 335–336

Patch

amplifier simulation, 88

array, 74

microstrip, 74, 84
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oscillator simulation, 84

Perfect conductor

electric, 228

magnetic, 228

Performance parameters, 16

Personal communications, 2

Personnel monitoring, 5

Phase dynamics, 263–264, 266–272

Phase locked loops (PLL), 259, 291–293

phase, noise, 283–291

shift keying, 105, 112

PhotoHBT, 369, 371–372, 386

Pin photodiode, 369–370

PLL, see Phase locked loops

Power combining

array, 12

quasi-optical, 301–302

spatial, 301–302

Q-factor, 262

Quasi-optic arrays, 4, 6

Radar systems, 334

classes, 335

conventional, 334

elements, 334

range and power, 336

RF-transmitter, 334–335

Radio on fiber, 358–359, 372, 394

Realistic modeling, active antenna analysis, 207

Receiver array, see Scanning oscillator array

Rectangular elementary domains, 181, 182

Rectenna, 11

Reduced mutual coupling array element, 7

Reflection coefficient, 400

Retrodirective array, 13

RF-WSI program, 350–356

circuit redundancy, 352

layered architecture, 352

tile-approach, 354

(T-R) module-tile approach, 350–356

S parameters, see Scattering parameters

Satellite radar, 5. See also Antenna types, satellite

communications

Scanning oscillator array, 279

Scanning techniques, 272–275

Scattering

matrix analysis, 38

parameters, 94, 241–242

Segmentation method, 122, 142–145, 217

Series oscillator model, see Oscillator model,

series

Slowly-varying envelope approximation, 262

Space communications, 5

Stability analysis, 269–271

Steady-state, 264

Subdomain basis functions, 182

Synchronization, see Coupled oscillators

Tagging, 5

Terrestrial communications, fiber network local

access, 5

Transceiver, single-chip, 2

Transient analysis, 275–276

Transmission line model

microstrip patch, 47

slot antenna, 55–58

Transmit-receive, 279, 358, 394–402

Transmit-receive (T-R) modules, 333–356

block diagram, 339

design considerations, 341–356

computer-aided design, 348

control components, 346

interconnect technology, 343, 347–378

low noise amplifier (LNA), 345

LTCC substrates, 348, 350

MHDI interconnects, 348

packaging, 343, 348–349

receiver circuits, 343–346

RF chip architecture, 343, 346–347

solid state transmitter, 343, 344

thermal considerations, 349

early (T-R) modules, 337–339

elements, 338

GaAs chip sets, 342

major parts, 342

MERA module, 339

module programs, 341

present trends and future directions, 350–357

ARPA and tri-service programs, 350–357

RF-WSI program, 350–357

35 GHz design, 355–357

RASSR module, 339, 340

state-of-the-art, 342

Transponder(s), 11

frequency doubling, 115

Transport tolling and highway surveillance, 5

Unilateral injection locking, 261

Van der Pol, 110

Wireless smart cards, 5

X-band (T-R) module, 343–350
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X-band (T-R) module, 3 (continued)

design considerations, 341–356

chip architecture, 346–347

computer-aided design, 348

control components, 346

heat removal, 345

interconnect technology, 347–348

LNA=noise figure, 345

package design, 348

RF power requirements, 343–345

thermal design, 349

Z-matrix for patch fields, 122, 126

arbitrary-shaped segments, 132–135

circular segments, 131–132

rectangular segments, 129–131
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