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Hollung, Stein (Ph.D., Electrical Engineering)
Quasi-Optical Transmit/Receive Lens Amplifier Arrays

Thesis directed by Associate Professor Zoya B. Popovié

Quasi-optical power combiners offer an attractive means for realizing milli-
meter-wave front-ends for communication and radar systems. In this approach,
potentially hundreds of solid-state devices are directly integrated into a radiating
structure that functions as a power combiner, circuit element and antenna. These
circuits can be fabricated monolithically in a compact module that offers broadband,
reliable performance.

The emphasis of this research is to design and demonstrate quasi-optical
lens amplifier arrays for both transmit and receive operation. Both microwave and
millimeter-wave transmit/receive lens amplifier arrays are demonstrated. These
front-ends are used to demonstrate several applications: a quasi-optical transceiver
front-end; a quasi-optical AM receiver; multipath fading null reduction; a multi-user
with frequency reuse FSK data link; and an angle diversity receiver. The feed losses
of quasi-optical lens arrays are investigated in order to maximize the effective radi-
ated power from these arrays. Several passive lens arrays are fabricated and tested
to verify the theory. In large phased-arrays, it is found that a quasi-optical feed
network can be less lossy and complex than a conventional feed network. Several
other quasi-optical components for a new kind of transceiver architecture are also
presented: a BPSK modulator; a linear-to-circular polarization converter; and an

isolator. These components consist of several cascaded active and passive grids.
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CHAPTER 1

INTRODUCTION AND BACKGROUND

1.1 Requirements for Quasi-Optics in Wireless Communications
Transmission lines are generally the preferred choice of transmission medium
for high-speed data communication systems. There are however a. variety of network
scenarios where wired connectivity solutions are impractical, expensive or slow to
implement and where wireless solutions are more attractive. Current microwave
wireless communication systems are unable to handle the broad channel bandwidth
needed for high data rate communications. While the microwave frequency band is

relatively congested, the millimeter-wave spectrum offers a large amount of available

! bandwidth. Given the channel bandwidth and power restrictions from FCC today,

the maximum data rate for spread spectrum wireless Local Area Networks (LANS) is

25 Mbps in the microwave band, while data rates in excess of 5000 Mbps are possible
in the millimeter-wave portion of the spectrum [1].

The millimeter-wave spectrum corresponds to frequencies between 30 GHz
and 300 GHz. These wavelengths generally allow for smaller and lighter components
than their microwave counterparts. This is especially important in space-borne ap-
plications, as well as mobile communication systems where size and weight are prime
concerns. Atmospheric attenuation of millimeter waves is lower than optical wave-
lengths in the “transmission window” spectrum that lies between water vapor and
oxygen absorption peaks, where millimeter-wave cameras and radar systems are ef-

fective in penetrating clouds, smoke and haze unlike their optical counterparts (2]
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The large atmospheric absorption at 60 GHz, forms a natural cell-boundary, which
has been utilized in indoor and short-range outdoor communications such as wire-
less LANS (3, 4], satellite cross-links and secure battlefield communications. Several
automotive radar systems exist at 77 GHz [5].

For a communication system to be lightweight, compact and reliable, it is
preferable to use solid-state devices to tube sources. However, vacuum devices are
capable of producing significantly greater power levels than their solid-state coun-
terparts. Electron tubes such as klystrons and gridded tubes can generate several
kilowatts of RF power in the microwave spectrum [6, 7]. Gyrotrons can produce tens
of kilowatts in the millimeter-wave spectrum, and Traveling-Wave Tubes (TWTs)

o are capable of 100 watts at 100 GHz (8, 9, 10]. The size and weight of the required

high voltage DC power supplies increase the cost and limits the usefulness of these
sources. Electron tubes are costly, have limited lifetimes and systems relying on them

are subject to catastrophic failure. Solid-state devices have low cost, can offer de-

creased size and weight, improved reliability and require low-voltage power supplies

[11, 12]. Therefore, it would be advantageous to use solid-state devices to achieve

medium and high power levels at microwave and millimeter-wave frequencies.
However, at these frequencies solid-state devices have very limited power
generating capability. IMPATT diodes can produce several watts at 100 GHz, but

the noise generated by the avalanche multiplication process limits their usefulness.

Gunn diodes offer improved noise performance, but can only generate a few hundred
milliwatts at 100GHz [8, 10]. The low DC-to-RF conversion efficiency of these
devices generates unwanted heat that must be dissipated with large and heavy heat
sinking. Devices such as MESFETs, PHEMTs, HBTs, and HFETs offers better
DC-to-RF efficiency and good noise performance. At X-band, the maximum output
power of these devices found in the literature or manufacturers’ specification sheets

are presently: 33 dBm for HBTs, 39 dBm for PHEMTs , and 40 dBm for HFETs (13,

|

!
i
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14]. Because the output power from these devices are approximately proportional to
1/f2, the available power at millimeter-wave frequencies are much lower. To obtain
the required power levels for communication using solid-state devices at millimeter-
wave frequencies, it is necessary to combine the output powers from several devices.

A review of microwave and millimeter-wave power-combining techniques
can be found in [14, 15, 16]. Several types of power combiners have been developed,
such as resonating cavity and distributed circuit combiners. Both resonant cavity and
circuit combiners tend to be lossy for large scale power combining due to conductor
losses in the waveguide walls and distributed feed networks.

In a quasi-optical transmitter, the output power of many solid-state devices
are combined in free-space to overcome these limitations and obtain the required
power levels. Quasi-optical components can hence provide lightweight, compact,
less expensive and reliable front-ends to millimeter-wave communication systems.
An antenna-based power-combining circuit was reported by Staiman et al.[17] as
early as 1968. The active array consisted of a 100-element array of dipole antennas
above a ground plane. Each dipole antenna was fed by a solid-state amplifier. The
array demonstrated 100 watts of output power at 410 MHz. Durkin et al. [18]
demonstrated a 35 GHz radar transmitter using IMPATT amplifiers driving a printed
slot array. Mink later suggested to use an array of millimeter-wave devices as a “gain
medium” within a Fabry-Perot resonator as means of large-scale power combining
[19]. The power can be distributed over a larger number of devices than in waveguide
combiners, because the quasi-optical combining structure can be many wavelengths
across.

The term quasi-optical is used to describe power combining that uses tra-
ditionally optical techniques and components. Quasi-optical components such as

Fabry-Perot resonators, grids and polarizers have their optical analogues. Optical
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; techniques such as reflection, focusing, and polarization isolation or rotation are uti-
lized in quasi-optical components. However, the operating wavelength is comparable
to the size of most quasi-optical components, so diffraction plays an important role
and the quality factors of quasi-optical resonators are much lower than their optical
counter-parts.

Since these first demonstrations of spatial power-combining, a significant
amount of research has been done in the field. Several excellent books and review
articles discuss a variety of quasi-optical power-combining components [14, 16].

While most of the quasi-optical circuits presented to date have been de-
signed for either transmit or receive operation, a few transceiver applications have
been demonstrated. Birkeland et al. [20] used an X-band quasi-optical oscillator as
both a transmitter and a self-oscillating mixer in reception. The receiver output is

the mixing product of the transmitted signal and a received signal. A simple Doppler

radar application was demonstrated using this circuit. Using the same technique, a
i two-element active microstrip patch array was used to demonstrate a Doppler radar
with azimuth tracking capabilities [21] at 6.5 GHz. An active integrated antenna
. transceiver [22] was used to demonstrate two-way communications at 6§ GHz. Cross-
polarization separates the transmit and receive functions in this transceiver. Full
duplex operation was demonstrated using orthogonal polarization to isolate trans-

mit and receive signals in an active two-element patch antenna array [23]. The array

has a transmitted power of 5.4 dBm, and a gain of 8.2dB at 4.05 GHz in reception.

A possible application for quasi-optical front-ends is base-station antennas
for mobile communications such as cellular and PCS. These transceivers require high
transmitted power of about 100 W [24] and more than 10 dB antenna gain (depending
on the number of sectors). Solid-state power amplifiers with 1 W of output power
in each element of a 100-element quasi-optical front-end can be used to achieve the

required power level and antenna gain for this system. By using the beam-steering
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properties of a lens array, several sectors can simultaneously be addressed from the
same front-end. Other communication systems where quasi-optical front-ends can
be used are the LMDS (Local Multipoint Distribution Service) master transmitters
and repeaters, which require about 60 W transmitted power in the 27-30 GHz range.
These systems currently use traveling-wave tube sources with either omni-directional
antennas or horns, and typically weigh between 150 and 500 pounds. A quasi-optical
front-end can decrease the size and weight as well as improve the reliability of these
systems.

Radar is another interesting application for quasi-optical transmit/receive
front-ends. An example is Synthetic Aperture Radars (SAR) such as the Shuttle
Imaging Radar (SIRC) which operate at 5 GHz. In this radar, several hundred T/R
modules produce a total power of 1.5kW peak with a 5% duty cycle. To cover a look
angle of 25-50 degrees in the azimuth direction, 5-10 beams with a 5° beamwidth
are required. A transmit/receive lens array with 5-10 feed antennas along the focal
arch can provide the necessary power and beam-steering requirements without using
phase shifters. Existing automotive radars at 77 GHz use passive Rotman lenses
with several discrete beams [25, 5]. By including solid-state T/R modules in cach
array element, higher dynamic range in reception and high EIRP in transmission can
be achieved. Another example is missile seekers at Ka-band, where a transmitted
power of tens of watts is required. Current systems are bulky and beam steering
of about 30 degrees is performed mechanically. A transmit/receive lens front-end,
can provide the required output power while decreasing weight and size as well as

improving the functionality of the system.

1.2 Quasi-Optical Transceiver Components

Several quasi-optical components such as the ones presented here, can be
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Figure 1.1. An example of a quasi-optical transceiver. The transceiver consists of
an oscillator / self-oscillating mixer, a transmit/receive lens amplifier, a modulator
and an isolator.

combined to form a complete quasi-optical T/R module for millimeter-wave commu-
nications. A conceptual example of a quasi-optical transceiver consisting of several
different cascaded components is shown in Figure 1.1. The main functions of a
quasi-optical transceiver are signal generation, amplification, reception and modu-
lation/demodulation. The following Sections 1.2.1-1.2.3 give an overview of these

quasi-optical components.

1.2.1 Quasi-Optical Sources

The source in a quasi-optical transceiver can be a grid oscillator [26, 27] or
an oscillator antenna array [28]. A single active antenna or an antenna connected to
a separate oscillator can also be used, but these sources would not include combining
at the source level. In a grid oscillator, a metal grating is loaded with two- or three-
terminal solid-state devices. The grating is printed on a dielectric substrate and
has a period much smaller than a free-space wavelength. The radiators connected to
each of the active devices are thus strongly coupled in these grids. A mirror is placed
behind the grid to provide the positive feedback necessary for oscillation. A partially

transparent reflector is often placed in front of the grid, analogous to a Fabry-Perot
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cavity laser, where the active grid serves as the gain medium. In these oscillators
the radiated power from many devices are combined in free-space, to produce an
effective radiated power of several watts. Details of the first demonstrations of grid
oscillators at the California Institute of Technology are described in [26], while a
summary of all grid oscillators reported in the literature to date are found in [27].
In an oscillator antenna array, the radiating elements are spaced by half a
wavelength or more and coupling between the individual elements are thus relatively
P low. The individual oscillators are often coupled through a transmission line. The
oscillator arrays generally have lower phase-noise than the grid oscillators, but the
power density and total radiated power is also lower. Functions such as beam steering

without using phase-shifters have been demonstrated for these arrays [14].

1.2.2 Quasi-Optical Transmit or Receive Amplifiers

A large number of transmission mode quasi-optical amplifiers have been
, presented to date. Similar to the oscillators, the quasi-optical amplifiers can be
divided into grid amplifiers and array amplifiers. The first quasi-optical amplifier
was a grid structure [29]. Since the first demonstration, several grid amplifiers with
more elements and more output power have been developed [30]. Because stability
is hard to achieve in these planar grid amplifiers due to strong coupling between
the individual elements, antenna array amplifiers with larger unit cells have been

developed [31, 32].

In these arrays, input and output antennas in each element of the array are
interconnected by a solid-state amplifier. The input and output antennas are often
orthogonally polarized to improve isolation. The amplifier circuit in each cell can
be designed for high power [33], high efficiency [34], low noise [13], high gain [35] or
broad bandwidth [36]. Schoenberg et al. demonstrated X-band amplifier arrays using

Class-A amplifiers for high effectively radiated power (EIRP) in transmission, and
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low-noise/high gain two-stage amplifiers to achieve high dynamic range in reception.
A high power hybrid design reports a saturated output power of 2 W at Ka-band [33].
For a high power design, heat sinking becomes a problem due to the large amount of
heat generated by the devices. In a portable system, power consumption should be
kept at a minimum to increase the operating time and weight. It is therefore desirable
to use amplifiers with high efficiency. Mader et al. demonstrated a C-band Class-E
power amplifier antenna array with 2.4 W of output power and 64 % power-added
efficiency. While most of these arrays are designed at microwave or low miilimeter-
wave frequencies, several quasi-optical amplifier arrays have been developed using
monolithic design techniques at millimeter-wave frequencies [37, 38, 39].

Many of these quasi-optical amplifiers suffers from large feed losses often
exceeding the amplifier gain, because a far-field source is required to provide a uni-

form phase-front to the array. To overcome this spill-over loss, external lenses [37]

i and oversize waveguides have been used [40]. To reduce the feed loss without using
external lenses, lens amplifier arrays have been developed [41, 13]. By incorporat-
ing lensing delay lines in each array element, the amplifier array can be fed from
a focal point in the near field, and thus minimize spill-over loss. Focusing also al-
lows for other functions such as beam steering in transmission and adaptive signal
processing in reception. A 10-element linear lens-fed array using a dielectric slab to
guide the waves from the feed to the individual antenna elements in the input array
demonstrate reduced spill-over loss of linear lens amplifier arrays [42].

While these amplifier arrays operate either in transmission or reception, bi-
directional amplifier arrays such as the ones presented here, have been developed for
added functionality [43, 44]. In a quasi-optical transceiver, a transmit/receive lens
amplifier array is located in front of an oscillator to provide high-power amplification
in transmission and low-noise amplification in receive mode. The transmit/receive

amplifier arrays presented to date must be electronically switched from transmit to
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receive mode. Hence, full duplex operation can not be achieved with these arrays. To
obtain a stable full duplex amplifier array, the problem of isolating the transmitted
signals from the received signals must be resolved. The transmit/receive amplifier
array presented in [43] uses orthogonal polarizations to isolate the transmit and
receive signals, but the isolation was found to be insufficient for stable full duplex

operation.

1.2.3 Other Quasi-Optical Components

Several X-band digital phase modulators have been demonstrated [45]. In
a quasi-optical transceiver, a QPSK transmission mode modulator can be placed
in front of the amplifier for data transmission. An X-band BPSK modulator using
p-i-n diodes is presented in Chapter 6. Most transmitters have isolators to protect
them. Quasi-optical arrays are not compatible with standard waveguide or coaxial
isolators. To protect the quasi-optical transmit amplifier from high-level reflected
waves, a quasi-optical isolator is designed [46]. The isolator presented in Chapter 5
also provides a circularly polarized wave at the output. In a communication system,
the use of circular polarization has been shown to reduce multipath fading, because
odd-number reflections rotate in the opposite direction of the direct signal and are
not received by the antenna. In satellite communications, circular polarization is
preferred to save power lost due to Faraday rotation if linear polarization is used.
Other quasi-optical components such as mixers [47, 48, 49], VCOs [50], filters [51],
multipliers [52, 53, 54], switches [55, 56], and phase shifters [57] have also been

developed.

1.3 Organization of the Thesis
This thesis introduces several microwave and millimeter-wave components

for quasi-optical transceivers. The emphasis of the thesis is the design of quasi-optical
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microwave and millimeter-wave transmit/receive lens amplifier front-ends. The mo-
tivation for using quasi-optical components in a wireless communication system, as
well as a short description of previous work in this field, are presented in Chapter 1.

Chapter 2 describes the design and analysis of quasi-optical lens amplifier
arrays. Some early work on lens amplifier arrays as well as an overview of constrained
lens theory is presented. The different loss mechanisms of lens arrays are investigated.

In Chapter 3, an X-band transmit/receive lens amplifier array is presented.
Experimental results and several applications of the array are discussed: a quasi-
optical transceiver front-end; a quasi-optical AM receiver; multipath fading null
reduction; and a multi-user system with frequency reuse application.

A Ka-band transmit/receive lens amplifier array is demonstrated in Chap-
ter 4. The design and experimental results are presented.

Other quasi-optical components such as an isolator and a modulator are
presented in Chapter 5 and Chapter 6, respectively. In Chapter 7 a quasi-optical an-
gle diversity receiver using a lens amplifier array and three grid oscillators is demon-
strated.

Finally, Chapter 8 gives 2 summary of the thesis and some suggestions for

future work on quasi-optical T/R front-ends.
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CHAPTER 2

DESIGN AND ANALYSIS OF LENS AMPLIFIER ARRAYS

2.1 Feed Efficiency of Array Antennas

Large phased arrays are often used as the front-end in a transceiver sys-
tem to meet the desired directivity and beam-steering requirements. A phased ar-
ray consists of an array of radiating elements fed with a corporate power collec-

tion/distribution netwerk as shown in Figure 2.1. In a transmitting phased array,

many power dividers and long lengths of transmission lines are required to distribute

the power from a transmitter to the individual antenna elements. Phase shifters and
power amplifiers are often included in each element to achieve beam-steering con-

trol and high EIRP. In a receiving array, power combiners are used to combine the

received power from the antenna elements to a receiver. Low-noise amplifiers and

phase shifters in each element are often used to improve the dynamic range and add

beam-forming capability to a phased array.

The insertion loss of the power dividers and transmission lines increase as
a function of array size, and can be greater than 16 dB for large arrays [58]. For the
large phased arrays often used in military radar systems [59, 60], several thousand
transmission lines and DC control lines are needed. The corporate feed network thus
becomes very complex and expensive. However, by using a corporate feed structure
it becomes relatively simple to obtain uniform phase and amplitude at all the array
elements. The feed loss for an N-element phased array with uniform phase and

amplitude distribution and using two-way power dividers, is given by

|

!
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D array,uniform
Na Transmit Array
Gactive Amplifiers
Tlphase Phase Shifters
Mdiv Power Dividers
Mtine .
L — ]
Transmitter

Figure 2.1. General corporate feed structure of an active phased array. Phase shifters
and transmit amplifiers in each element allow for high EIRP and beam-steering
control in transmission.

log ¥ —
Gantenna = Da.rray,uniformnA (NdivTtline) 1082 (T)phaseN) Gactive, (2.1)

where Darray uniform 1S the directivity of the antenna array and 7, is the aperture
efficiency of the array including loss in the antenna elements. The loss in each power
divider and phase shifter is 74;, and 7phase, respectively. The transmission-line loss
for the transmission-line section in each power divider is Myipe and Gactive is the
average amplifier gain. Notice that for a large number of elements N the loss due
to the power dividers and transmission lines becomes large. A quasi-optical feed
structure can be used to reduce the feed loss and complexity of large phased arrays.

The feed structure for a transmit-mode quasi-optical lens amplifier array is
shown in Figure 2.2. In a quasi-optical lens amplifier array, a feed antenna connected
to the transmitter is used to distribute the power in free-space to the individual
elements in an input antenna array. The signals received are then amplified and
reradiated from the radiating elements in the output array. Because the array is
fed from the near field, lensing delay lines must be used to achieve a uniform phase
distribution at the output elements. The theory and design equations for constrained

lenses are presented in Section 2.2.
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Figure 2.2. A general quasi-optical lens amplifier array. The corporate feed structure
is replaced by a spatial feed.

The feed loss associated with the transmission lines and power dividers
in the corporate feed network of a phased array are thus eliminated in a quasi-
optically fed array. The feed loss in a quasi-optically fed array can be divided into:
feed antenna loss, 7¢; spill-over loss, 7s; reduction in directivity due to non-uniform
amplitude distribution of the elements, 7; and aperture loss, 7, including loss in

the antenna elements in the input and output arrays. The gain of a quasi-optical

lens amplifier front-end, assuming uniform phase distribution of the output array,

and the same aperture efficiency for the input and output array is given by

Gantenna = Darray,unifonnnf"?snm?\"]tline G active- (2.2)

These losses will be discussed in more detail in Section 2.1.1. The minimum
feed loss for circuit and quasi-optically fed phased arrays as a function of number
of array elements is shown in Figure 2.3. The feed loss of a quasi-optically fed
array can be as low as 5dB, as shown in Section 2.1.1. The feed loss of a circuit
fed array with two-way power dividers for several different divider/transmission-line
losses are shown. While the feed losses in circuit-fed phased arrays increase with

the number of elements in the array, the feed losses in a quasi-optically fed array
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Figure 2.3. Estimated feed loss of circuit and quasi-optically fed arrays versus array
size. The feed losses for circuit fed arrays with two-way dividers/combiners are shown
for different divider and transmission-line losses. The feed loss of quasi-optical arrays
is estimated to be 5dB as calculated in Section 2.1.1.

are constant assuming a constant F/D ratio. So for large arrays the feed losses of
phased arrays will exceed the feed losses of quasi-optically fed lens arrays. While
phased arrays often use frequency dependent phase shifters to achieve beam steering,
! the delay lines in a constrained lens array represents a true time delay and are thus
frequency independent. Broadband beam-steering applications requiring a constant
phase distribution over a wide frequency band are thus possible with a quasi-optical
lens-fed array.

For a far-field fed quasi-optical array without lensing delay-lines or external
dielectric lenses, the spill-over loss and loss due to non-uniform phase and amplitude

distribution in Equation 2.2 is found from the Friis transmission formula:

A 2
s = GfDarray,uniform (m’) ) (2.3)

where Gy is the directive gain of the feed antenna, Dirray uniform is the directivity
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of the input array and R is the distance from the feed antenna to the input array.
While the loss due to non-uniform amplitude distribution can be neglected, the
spill-over loss becomes very large because the feed horn must be in the far field
of the input array (R > 2%2). External lenses can be used to reduce the spill-
over loss, but they add complexity, cost and weight to the system. The Gaussian

beams provided by these external lenses also increase the loss due to a non-uniform

amplitude distribution.

2.1.1 Simulated Feed Loss

The various feed losses in a quasi-optically fed lens array were identified in
Section 2.1. However, to design a lens with minimal loss it is desirable to determine
the dominant losses and understand how they can be minimized. Two methods
based on geometrical optics and the Friis formula have been used to estimate the
spill-over loss of lens arrays.

The Friis formula method calculates the power received by each individual
antenna element in the input array and compares it to the total input power to
the feed antenna. It is assumed that: the feed antenna and the individual antenna
elements are in the far field of each other; the elements are non-coupled; and no
standing waves (or multiple reflections) between the feed antenna and the input
array exist. Knowing the gain pattern of the feed antenna and of the individual
elements in the input array as well as the distances between them, the Friis formula
can be applied to each element in the array. The spill-over loss is found by adding the
powers received by all the elements and comparing this power to the feed antenna
input power. Using the gain pattern and amplitudes of the output array elements, the
directivity of the output array with non-uniform amplitude distribution is estimated.
The non-uniform illumination efficiency is then found by comparing this directivity

with the ideal directivity when all array elements have unity amplitude.
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Figure 2.4. Estimated feed loss due to spill-over loss and reduction in directivity
due to non-uniform amplitude as a function of F-number for a lens amplifier array.
The loss calculated using the Friis formula method is shown in solid line and the
one found using the geometrical optics method is shown in dashed line. An E-plane
horn with 9 dB directive gain was used as a feed antenna for these calculations.

The 14-element lens array presented in [61], was used as an example. An
E-plane horn with 9-dB directive gain is used as a feed antenna in these calculations.
The simulated feed loss due to spill-over loss and reduction in directivity of the output
array due to non-uniform illumination is shown in Figure 2.4. The effective area. of
each element in the input array is set equal to the physical area (seen from the angle
of incidence) of the individual element for comparison purposes. By instead using
the radiation pattern of the individual elements, the aperture efficiency of the input
array is also included in the calculations. Simulations of a 30-element array predicts
almost identical feed loss.

The geometrical optics method is based on the feed efficiency calculations
of reflector antennas presented in [62]. For a planar circular aperture lens array,
the equations for non-uniform illumination efficiency and spill-over efficiency can

be derived as given by Equations 2.4 and 2.5 below. The method assumes 100 %
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aperture efficiency of the input array.

A 2
we (B 15 V500, 8) a8z d0as)
= o)
' mD? 27 [2/2 0(0, $) sin 6dOd¢

(2.4)

S % (6, 4) sin 6d6d g
T E 6, 6) sin 0d6d

where g(0, ¢) is the gain of the feed antenna, 6 is the angle from the optical axis at

(2.5)

the feed (8 = @ at the edge of the array.), and ¢ is the polar angle in the plane of
the array. If the directive gain of the feed antenna is assumed to be independent of

¢, the combined feed efficiency reduces to

4_F2 b/2 in@ 2
nsm=ﬁ( / \/g(e)@:‘ww) : (2.6)

The radiation pattern of a feed horn can be approximated by

2(n+1)(cos8)™ if 8 e (0,7/2)
9(6) = ' (2.7)
0 otherwise
where n is a fitting parameter. The measured radiation pattern for the E-plane horn
used to feed the X-band lenses presented here, agree well with the gain function in

Equation 2.7 with n=3 (9dB directive gain) as shown in Figure 2.5. With these

approximations, a closed form expression for the feed efficiency can be found:

32F2 n+1 e\ T &\
NsTh = F(_n——_l)i (1 -2 (COS E) + <COS E) (2.8)

The resulting feed loss calculated using Equation 2.8 is plotted in Figure 2.4.
The estimated feed loss is within 1dB for the two methods, and a minimum feed
loss is estimated for a lens with F-number around 0.4. For F-numbers less than

0.4 loss due to non-uniform illumination is dominating, while for F-numbers greater
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Figure 2.5. Theoretical (solid line) and measured (dashed line) H-plane radiation
pattern for the E-plane horn used to feed the arrays presented.

than 0.4 spill-over loss is dominating. Most lens arrays presented to date have
F-numbers between 1 and 1.5 and thus suffer from unnecessarily high feed loss. A
summary of the lenses presented to date, their F-number and estimated feed loss due
to spill-over loss and non-uniform illumination is given in Table 2.1. It is important
to emphasize that both of these simulations have strong limitations, and are only
shown to predict the general behavior of a lens array. These estimates does not
account for the aperture efficiency of the input array, losses due to coupling between
the array elements, non-uniform phase across the output array, losses in the array

elements and feed antenna, as well as losses in the delay line sections.

LQuasi-Optical Lens | F-number [ Feed Antenna NsTh l
Schoenberg {35 2.0 E-plane Horn 10dB
Schoenberg [32] 1.2 E-plane Horn 5.5dB

Berg [61] 0.75 E-plane Horn 3dB
Hollung [44] 1.5 E-plane Horn | 7.25dB
Hollung, Chapter 4 0.6 Open Waveguide | 4dB

Table 2.1. Estimated feed loss due to spill-over loss and non-uniform illumination of
various quasi-optical lens amplifier arrays with different F-numbers and feed anten-

nas.
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Figure 2.6. Estimated feed loss (solid line) due to spill-over loss, aperture efficiency
of the input array, and reduction in directivity due to non-uniform amplitude as a
function of F-number for the 14-element lens amplifier array. The estimated feed loss
without including the aperture efficiency of the array is also shown (dashed line).
The feed loss is calculated using the Friis formula method.

If the measured gain pattern of the patch antennas are included in the simu-
lations, the feed-loss including the aperture efficiency of the input array is estimated
as shown in Figure 2.6. Notice how the minimum feed loss now occurs for a slightly
higher F-number lens (0.5) due to a less uniform amplitude distribution across the
array.

While these calculations have assumed a feed antenna gain of 9dB, it is
of interest to investigate the effect of feed antenna directivity on the feed loss. The
estimated feed loss for several different feed antennas using the geometrical optics
method are shown in Figure 2.7. It is evident that a more directive feed antenna can
reduce the spill-over loss for a given lens array. Because the lens should be located in

the far field of the feed antenna, a more directive feed with a longer far-field distance

may require a larger diameter lens for a given F/D ratio.
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Figure 2.7. Estimated feed loss due to spill-over loss and non-uniform illumination
of a lens array for several different feed antennas. The feed loss is calculated using
the geometrical optics method.
2.1.2 Measured Feed Loss

Several passive X-band lens amplifier arrays were fabricated to investigate
how different F/D ratios affects the feed loss and beam-steering performance of a
lens array. The 14-element lens amplifier design presented in {61}, was used with
the amplifier stages replaced by through lines. Passive lenses with F-numbers 0.75,
1.0 and 1.5 as well as an array without lensing was designed and fabricated. A 30-
element array based on the same unit cell was fabricated as shown in Figure 2.8. The
array was designed to minimize the feed loss, with an F-number of 0.6 (F=7.5cm).

The passive array with equal delay-line lengths interconnecting the input
and output antennas was first used to determine the aperture efficiency, 4 of the
input and output antenna arrays as well as the loss in the patches, fpatch and trans-
mission lines, 7jine connecting them. The array was placed in the plane of an aperture
in absorbing material. Two co-polarized E-plane horns located in the far field in front

of the array and connected to an HP 70820A microwave transition analyzer, were

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



|
|
|
|

21

Figure 2.8. Layout of the 30-element passive lens array. The F-number for this lens
is 0.6 corresponding to a focal length F=7.5cm. The unit cell size is 0.63 x 0.83 \.
used to measure the aperture efficiency. An aperture efficiency, n—'lmi\; (not including
radiation efficiency of the patches) of 90 % is measured for both the input and output
arrays by comparing the received power reflected from the array to a measurement
with the array replaced by a metallic mirror.

A transmission measurement with one horn located in the far field in front
of the array, and the other horn oppositely polarized and located in the far field
behind the array, was performed to determine the loss in the patches and the trans-
mission line section. The transmitted power through the array was compared to
a measurement without the array inserted in the aperture and with the horns co-
polarized. Knowing the aperture efficiency of the input array, a loss of -3.36 dB was
calculated for the two patches and transmission line sections connecting them. The
patch loss was estimated to be 1dB (80 % efficiency). The transmission line loss
including the via connection and return loss of the patches is then 1.36dB.

To investigate how the total feed loss of lens amplifier arrays depends on
the feed antenna gain, the four passive lenses were measured using two different feed

antennas: an E-plane horn (9-dB directive gain); and an open WR-90 waveguide
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(6-dB directive gain).

The measured antenna gain Gaptenna Of a passive lens front-end can be
factored and expressed in terms of several loss factors and the directivity Darray,uniform
of a uniformly fed output array:

EIRP .
Gantenna = P = nfnsnAzntlineT}iDa.rray,unifonn (2.9)
in

A feed efficiency 7feed can then be defined as:

TNfeed = NENsTIAtline Tl (2.10)

The measured feed loss for the different lenses and feed antennas is plotted
in Figure 2.9. The theoretical feed loss is calculated by adding the measured loss due
to the transmission lines to the simulated feed loss using the Friis formula method
described in the previous section. The measured gain pattern of the open waveguide
was used in the simulations with a maximum directive gain of 6 dB. Good agreement
is seen between the simulated and measured feed loss. As expected from simulations,
the feed loss can be reduced by using a more directive antenna and a lower F-number
lens. The difference between the theory and measurement can be due to coupling
between the antenna elements.

To investigate the non-uniform illumination efficiency of the passive lenses,
the E- and H-plane radiation patterns are measured, and the array directivity Darray
is estimated from the measured patterns using Equation 2.22. The measured and
simulated radiation patterns for the 30-element passive lens array are shown in Figure
2.10. The simulated patterns are calculated from a measured patch pattern and
the calculated array factor. From these radiation patterns, it is evident that the
measured directivity of these lenses is lower than the theoretical.

The reduction in directive gain, 7;, due to non-uniform amplitude and phase

of the output array elements is then estimated by comparing the measured directivity
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Figure 2.9. Measured and theoretical feed loss for lenses with different F-numbers
and fed by different antennas. The theoretical feed efficiency for an E-plane horn
feed is shown by a solid line, and for a waveguide feed with a dotted line. The
measured feed efficiencies for the passive lenses with three different F-numbers are
shown for a horn feed (o) and a waveguide feed (x).

to the theoretical directivity of a uniformly fed array as shown in Figure 2.11. The
simulations assumes uniform phase across the array. As expected, the measured
non-uniform illumination loss is higher than the theoretical due to a less uniform
amplitude and phase distribution across the array. The E-plane horn feed is only

used for the F=12cm lens array, because the shorter focal length arrays would not

be in the far field of this horn.

2.2 Constrained Lens Theory

Geometrical optics principles can be successfully applied in many microwave
and millimeter-wave design problems. Several good books discuss this topic [63, 62].
The geometrical optics principles follow from Maxwell’s equations in the infinite fre-
quency limit. To use the approximations of geometrical optics, one must be aware of

the limitations of this technique. The medium’s refractive index or surface curvature
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Figure 2.10. (a) Measured (-) and simulated (--) E-plane radiation patterns for the
passive 30-element lens at 9.9 GHz. (b) Measured (-) and simulated (--) H-plane
radiation pattern for the passive 30-element lens at 9.9 GHz. The theoretical patterns
were calculated using the measured antenna pattern of a single patch antenna.
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Figure 2.11. Measured (x) and theoretical (solid line) loss due to non-uniform ampli-
tude and phase distribution of the output array elements for the three passive lenses
with different F-numbers and with a waveguide feed.

must be a slowly varying function of spatial coordinate relative to a wavelength. The
following discussion describes the applicability of the geometrical optics principles
to discrete microwave lenses.

The first constrained lens antenna array (the “Bootlace” Aerial) was de-
veloped by Gent in 1957 [64]. This passive lens array consisted of pairs of folded
dipole radiators separated by a ground plane, and interconnected by parallel wire
transmission lines. The transmission-line lengths connecting the antenna pairs were
carefully chosen to collimate an incident spherical wave front from a focal point be-
hind the aerial. While the bootlace aerial only had one perfect focal point, a lens
design satisfying the path-length equality conditions for three perfect focal points
was demonstrated by Rotman [65]. By displacing the input and output elements
relative to each other as well as curving the input element surface, Rotman obtained
the three geometrical degrees of freedom needed to solve for the three focal points.

The fabricated Rotman lens array with the three focal points located along a focal
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arch was used to demonstrate beam steering in one plane from -30 to +30 degrees
without much amplitude variation. Today, Rotman lenses are used in a wide variety
of applications such as automotive radar [25, 5], missile seekers, tank radars, aircraft
landing systems and communications equipment [66].

As many as four perfect focal points can be achieved by curving the output
surface and thus adding a fourth degree of freedom. These four focal points can be
located on a straight line [67] or on a circle [68]. While the quadrufocal lenses are
hard to fabricate due to the curved surfaces at the input and output, a planar con-
strained lens design using microstrip transmission lines was suggested by McGrath
(69]. A planar design is preferred at mjiiimeter-wave frequencies, where printed cir-
cuit fabrication is necessary due to the small dimensions. Because the input and
output surfaces are planar, the only two geometrical degrees of freedom available are
the placement of the input and output antenna elements relative to each other and
the transmission line length interconnecting them.

A simple one degree of freedom design using two identical input and output
antenna arrays with different delay line lengths connecting the antenna elements as
shown in Figure 2.12 can be used. The design equation for the delay line lengths
W (r) satisfying the path length equality condition for a focal point on the optical

axis at a distance F behind the lens is given by:

Wi(r) =1/ F2? + (g)z — VFZ 2 (2.11)

where D is the diameter of the lens and r is the radial length from the optical axis to
the individual antenna element as shown in Figure 2.12. Such a lens is the discrete-
element (“constrained”) analog to an optical “thin lens” since Equation 2.11 is the
same as the “thickness” function for a spherical thin lens [70].

The path length error for an element located at (r,¢) on the array and a

given scan angle 6 is given by Equation 2.12. Where the focal surface minimizing
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Figure 2.12: Geometry of a planar constrained lens with one degree of freedom.

the path length error, €;(r, 6, $) is given by G(6). Notice that the path length error
only arises for 6 7 0. The normalized RMS path length error for an N-element array

is then given by Equation 2.13.

€i(r,0,9) = \/((G sinf 4+ r cos ¢)? + G2cos? 0) +r2sin® @
~VG? + 12 —rcospsinf

(Bae= 7oz s (3) (2.13)
F/rums Netements < \ F .

The focal surface G(0) minimizing the path length error for a one degree of

(2.12)

freedom lens design can be numerically calculated for lenses with different F-numbers
as shown in Figure 2.13. The minimized path length errors associated with each of
these focal surfaces are plotted in Figure 2.14. Notice how the path length error
increase for lower F-number lenses.

Beam steering of about 25° was measured for the three passive 14-element
X-band lenses with different F-numbers and fed by a WR-90 waveguide as shown in
Figure 2.15. A broader main beam as well as higher side lobe levels were expected
as an effect of the increased path length error [69]. The measured patterns show

no noticeable degradation in beam steering between these lenses, and no conclusion
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Figure 2.13. Focal surfaces for different F-number lenses with one degree of freedom,
as calculated for the 14-element lens.
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Figure 2.14. Minimized path length errors versus scan angle for different F-number
lens designs of a one degree of freedom lens.
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Normalized received power [dB]

Angle [degrees]

Figure 2.15. Measured beam-steering patterns with a waveguide feed for the three
X-band passive 14-element lenses with F=12 c¢m (solid line), =8 cm (dashed-dotted
line)and F=6cm (dotted line). The measured patterns are normalized to the maxi-
mum power received when the feed is located on the optical axis behind the lenses.
to the effect of increased path length errors can be made. The maximum received
power is about 1dB below the measured power levels with 0° beam steering for the
three lenses. The reduced gain is expected from the increased spill-over loss at the
feed side, a less uniform amplitude distribution across the array, as well as a lower
directivity (or effective area) of the output array when the feed is moved off-axis.

It was found in [69] that the path length errors of a one degree of freedom
lens are mostly cubic functions of r or “Coma” aberrations. By moving the feed
closer to the lens (refocusing), the path length errors can be slightly reduced. To
reduce the path length errors and improve the beam-steering capabilities of planar
lens arrays further, a second degree of freedom can be utilized by displacing the input
and output elements relative to each other. This design allows for either two perfect
focal points or a “cone of best focus” placed at an angle 6, from the optical axis and
a distance F from the lens array. It has been shown that the path length errors for
this design are mostly second-order “focusing” aberations which can be significantly
reduced by “refocusing” (moving the feed closer or farther away from the lens). The

two degree of freedom errors are significantly lower than the one degree of freedom
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errors. However, even with refocusing, the path length errors for the two degrees
of freedom lens are far greater than for a similar Rotman lens which employ three
degrees of freedom. The chief advantage to the one and two degree of freedom lenses
is the potential ease of fabrication.

The design equations for the input and output array antenna locations (r, p)
as well as the delay line lengths (W) connecting them for a two degree of freedom

lens are given by:

(2.14)

1
W=F+W,— 5\/F2 + p2 — 2pFsinfy — %\/F2 + p2? +2pF sinfy (2.15)

The focal surfaces and associated path length errors for this design are
explained in [69, 13]. While Schoenberg et al. demonstrated lenses with two degrees
of freedom, the simpler one degree of freedom lens design with identical feed and

front side arrays is used for the lenses presented here.

2.3 Design Constraints

The first step in designing a lens amplifier array is to determine certain
design specifications such as gain, bandwidth, output power, noise-figure, directiv-
ity, size, cost, and functionality (e.g. beam steering). Once these parameters are
specified, one can optimize several design parameters to achieve these goals. The
design parameters in a lens design are feed antenna type and position, array size and
layout, input and output antenna elements and amplifier elements. The following

sections describe these design parameters in more detail.
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2.3.1 Feed Antenna and Feed Position

The feed antenna used for most lens amplifiers presented to date has been
an E-plane horn due to its relatively high directivity. To provide a spherical wave
to the input side of the array, it is essential to use a feed antenna with a far-field
distance shorter than the focal length of the lens array. Open waveguide sections,
. microstrip patch or slot antennas can also be used, but with increased spill-over
loss due to the lower directivity of these antennas. However, a more directive feed
antenna results in a less uniform amplitude distribution which lowers the directivity
of the output array. Dielectrically-loaded horns and multi-mode horns, often used
to optimize the spill-over and illumination loss of reflector antennas, seem attractive
for feeding a constrained lens [71].

The feed location or focal length of the lens array should also be chosen to
minimize the spill-over loss, while maintaining relatively uniform amplitude distribu-

! tion and satisfactory focal length phase error for beam-steering applications. While

F-numbers of less than one can be used to minimize the spill-over loss as indicated
in Figure 2.4, larger F-number lenses might be desirable for beam-steering applica-
tions with low side-lobe levels. Figure 2.14 shows the simulated phase error for lens
arrays with different F-numbers. Ideally, the feed antenna should also be designed

to minimize standing waves between the feed antenna and the lens array. While it

is almost impossible to remove these reflections entirely, the focal length can be set

to a multiple of half-wavelengths to maximize the gain.

2.3.2 Input and Output Antenna Arrays

The aperture loss of an antenna array corresponds to the power incident
on the array area that is reflected instead of coupled into the antenna elements. The
aperture efficiency is a function of element size Aeglement 2nd gain of the radiating
elements Gelement aS given below:

i
|
i
¢
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| Quasi-Optical Lens Amplifier | Unit Cell Size | Aperture Efficiency, 74 |
Schoenberg [35] 0.75 x 0.9 A 0.6
Schoenberg [32] (w/polarizers) | 0.75 x 0.9 A 0.21 (0.42)
Berg [61] 0.63 x 0.83 A 0.75
Hollung [44] (w/polarizers) 1.17 x 1.23 A 0.1 (0.2)
Hollung, Chapter 4 I1x1A 0.3

Table 2.2. Estimated aperture efficiencies of various quasi-optical lens amplifier
arrays.

Aefrective — Gelemenl’./\2 (2. 16)
Aphysical 47 Aclement

A =

While Equation 2.16 predicts the aperture efficiency of the front side array,

it can not be applied to the feed side array. To accurately predict the aperture
efficiency of the feed side array, the gain of each radiating eiement in the direction

of the feed must be used in the calculations.

1 Gelement(gi ) ¢i)’\2 (2. 17)
Netements 7 47 Aelement

TIA feed =

While the aperture loss is minimal for the 14-element lens described in
Section 2.1.2, the aperture loss is dominating the total feed loss in other arrays. The
estimated aperture efficiencies including antenna efficiencies for the lens amplifiers
presented to date, are summarized in Table 2.2. It is evident that the aperture
efficiency can be a dominating loss factor in lenses with large unit cells. The aperture
efficiency of the lens array presented in Chapter 3 is as low as 20% (7-dB loss).

To obtain a high aperture efficiency and hence reduce the feed loss of the
lens array, the unit-cell size should be minimized. A high permittivity substrate can
be used to reduce the size of the antennas as well as the circuits. In addition to
scaling the antenna size, the choice of substrate material also affects several other
antenna characteristics such as radiation efficiency, bandwidth, and input impedance.

A higher dielectric constant material is likely to add loss due to increased excitation
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of substrate modes or surface waves. Multiple substrate layers [72, 61] or tiles of
substrates [28] can be used to achieve a smaller unit cell.

A wide variety of planar antennas have been used in quasi-optical amplifier
arrays to date. Some of the antennas used are microstrip fed patches [32, 72, 61],
CPW fed second resonant slots [13], multiple slot antennas [73] and tapered slots [40].
Other planar antennas such as bow-tie antennas and dielectric resonator antennas
can also be used. Second-resonant slot antennas offer relatively high bandwidth,
but they are larger than resonant antennas and thus results in a lower aperture
efficiency. The radiation patterns of the center-fed second-resonant slot antennas
often have nulls in the broadside direction, which will reduce the broadside antenna
gain of an array. These antennas also requires the use of polarizers at the input and
output of the array to achieve high gain. Microstrip patch antennas have been used
in several quasi-optical amplifiers, but they require double-layer substrates [72] or
alternating ground planes [35] to operate in transmission mode. Microstrip patches
also suffer from limited bandwidth. To avoid substrate mode excitations from a

patch, the following design criterion for the substrate thickness should be satisfied

[74]:

C
4fu\/€r-l1

N where h and e are the substrate thickness and dielectric constant, c is the speed of

h< (2.18)

light, and f, is the highest operating frequency.

Ideally one would make the unit cells as small as possible to achieve good
aperture efficiency and low side-lobe levels. There are however limitations to how
small a unit cell can be made. As the unit-cell size is reduced, coupling between the
antennas increases. For a stable design, the coupling between the input and output
antenna elements should always be less than the gain of the amplifier connecting

them. In designing arrays with strong coupling, special care must be taken when

|
|
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designing the individual array elements. The edge elements in the array are coupled
less than the center elements and thus behave differently.

To maximize the directivity and thus the EIRP of an array, it is of interest
to see how the unit-cell size affects the directivity. The directivity of two lens designs
with 21 and 37 elements in a rectangular layout as well as two lens designs with 24
and 37 elements in a triangular layout are plotted versus element size in Figure 2.16.
The directivities are calculated using the measured radiation pattern of a single patch
antenna. A rectangular layout is used for the 20- and 36-element arrays presented
in Chapter 4, and a triangular layout is used for the 24-element array presented in
Chapter 3. For a given number of elements, the directivity of a rectangular layout
is maximized for a unit-cell size of about 0.9 A by 0.9 A. For a triangular layout, the
maximum directivity occurs for a slightly larger unit-cell size of A by .

While the directivity increase as a function of array area for an element
separation of less than 0.9 A, the feed loss also increase as a function of element size
due to the reduced aperture efficiency of the feed side array. In order to maximize
the antenna gain of these lens arrays, the effect of both the feed loss and directivity
combined must be investigated. The simulated antenna gains for the same 21- and
37-element rectangular arrays as well as the 24- and 37-element triangular arrays
are plotted in Figure 2.17. An E-plane horn is used for the feed antenna, and the
F-number is kept constant at 0.5 for all unit-cell sizes. The patches are assumed
to be 80 % efficient and have 6-dB directive gain. No loss is included for the delay
lines and a uniform phase distribution is assumed. Notice how the antenna gains are
almost constant for a unit-cell spacing smaller than 0.8\. For a high antenna gain
design, the element size should therefore be chosen less than 0.8 wavelengths square.
A slightly larger unit cell can be used if a triangular layout is used. For a patch
array with a unit-cell size of about 0.8 wavelengths square, the aperture efficiency is

typically around 75 % (or -1.3dB).
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Figure 2.16. a) Simulated directivity of a 37- (solid line) and a 21-element (dashed
line) array with rectangular layout versus element size in wavelengths. b) Simulated
directivity of a 37- (solid line) and a 24-element (dashed line) array with triangular
layout versus element size in wavelengths. Uniform amplitude and phase distribution
across the array is assumed, and the measured pattern of a patch antenna are used
in the simulations.
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Figure 2.17. a) Simulated antenna gain (including feed loss) of a 37- (solid line)
and a 21-element (dashed line) array with rectangular layout versus element size in
wavelengths. b) Simulated antenna gain (including feed loss) of a 37- (solid line)
and a 24-element (dashed line) array with triangular layout versus element size in
wavelengths. The F-number of the array is set to 0.5, and an E-plane horn feed is
used. The patches are assumed to be 80% efficient and have 6-dB directive gain.
No loss is included for the delay lines.
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As the unit-cell size decrease, the heat from the amplifiers per area also

increases. For high-power amplifier arrays this becomes a limiting factor. It is
therefore important to investigate the thermal properties of the circuit when deciding

on a circuit geometry, substrate materials and antenna elements.

2.3.3 Amplifier Element

To overcome the feed loss of a quasi-optical amplifier it is important to use
an amplifier stage with sufficient gain. At millimeter wavelengths, the gain from a
single solid state amplifier stage is limited. Several amplifier stages have been used to
achieve sufficient gain. To obtain a small unit cell, a relatively small amplifier circuit
is essential. At high millimeter-wave frequencies, monolithic design techniques must
be used to achieve a compact design [37]. In the microwave and low millimeter-

wave bands, hybrid design techniques using MMIC amplifiers can be used [33]. The

maximum gain of the amplifier stage is determined by the isolation between the input
and output antenna elements for a stable design. Because the input impedance of
the antenna elements often varies dramatically with frequency, the amplifier stage
should be unconditionally stable to ensure a stable circuit.

In a receive array, a low-noise amplifier element can be used to achieve high
dynamic range. In a transmit array, a power amplifier stage can be used to achieve
j | high effectively radiated power. The operating bandwidth of a quasi-optical array is
usually limited to a few percent due to the bandwidth of the radiating elements. The
bandwidth of the amplifier elements can thus be designed to be relatively narrow. Ifa
broadband antenna such as a bow-tie is used for the radiating elements, a broadband
amplifier design should also be used. To reduce the generated heat from the active

circuits, high efficiency amplifiers have been developed (36, 75, 34].
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2.3.4 Array Size and Layout

The optimum number of elements is determined by the desired effective
isotropic radiated power (EIRP) from the array. Because heat generated in the array
elements are mostly dissipated from the edges of the array, cooling can become a
: ’ problem for large arrays. For certain applications a compact and less complex design
can be desired. The array can be designed in a rectangular or triangular layout. The
triangular layout reduces the grating-lobe levels and can therefore be used to improve
the beam-steering capabilities of an array [13]. A rectangular layout can however
reduce coupling between the individual antennas [76]. To further improve beam
steering, a lens design with two degrees of freedom can be used to minimize the path

length error for large scan angles. A rectangular design often leads to a reduced

unit-cell size and simpler design, because it is easier to layout the necessary DC
bias lines to each unit cell. The bias lines should be as thin as possible to minimize

coupling in the array, while being sufficiently wide to reduce ohmic loss and provide

uniform DC bias to the array elements. The widths of the bias lines used in the
arrays presented in Chapters 3 and 4 are 0.3 and 0.2 mm, respectively. For a given
F-number and feed antenna, the array size must be sufficiently large for the focal
length to be longer than the far-field distance of the feed antenna. However, the
i delay-line lengths increase with array size, and can become hard to fit in a small

unit cell for large arrays.

2.3.5 Other Design Issues

In certain applications (e.g. satellite communications) a compact design
is important. Optical techniques such as folding can be used as shown in Chapter
4 to reduce the size of the lens system. In a practical application, the lens front-
end would be placed in a metallic enclosure. To investigate the effect on the lens

performance, a metallic horn-like enclosure was added on the feed side as shown in

i
!
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Figure 2.18. (a) Experimental set-up for the 14-element array with the feed side en-
closed in a metallic enclosure. (b) Measured antenna gain of the active lens amplifier
array presented in [61]. Solid lines shows the results without an enclosure and the
dashed lines shows the results for the lens in a setup with a metallic enclosure.
Figure 2.18. The measured antenna gain in Figure 2.18 and radiation patterns show
minimal degradation due to the metallic enclosure when fed by the E-plane horn.
If a less directive feed antenna such as a open ended WR-90 waveguide is used, the
radiation pattern is more distorted.

For a high power design, it is necessary to implement a layout that can
dissipate the heat generated by the active circuits [77]. A test fixture using Flourinert

FC-43 coolant liquid can be used to reduce the heat [33]. Substrate materials with

high thermal conductivity such as sapphire, diamond and aluminum nitride can also
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be used to remove the heat.

2.4 Figures of Merit

A variety of gain, efficiency and output power definitions for quasi-optical
amplifiers are presented in the literature. This often makes it difficult or even impos-
sible to compare the reported results. Some work toward developing standard figures
of merit for power-combining arrays has been published by Gouker [78]. Because the
different power-combining circuits are designed with different applications in mind,
it is hard to agree on a set of standard evaluation criteria and calibration techniques.
The following sections describes and compares some of the different definitions that

are used to describe quasi-optical amplifier arrays.

2.4.1 Output Power

The only unambiguous measurement for a transmitting array is the effec-
tively isotropic radiated power (EIRP or ERP). The EIRP is defined as the product
of the transmitted power P; and the directive gain of the output antenna array Gy.
Using the Friis transmission formula, the measured power Ppq,s received by a receive
antenna with gain Gmeas at a distance R in the far field in front of the array is related

to the transmitted power as shown below.

A 2
Pmeas = Pth.Gmea_s (m) (2.19)

The EIRP can then be calculated from the received power.

2
EIRP = P;Gt = gmeas (ﬁ) (2.20)

meas A

The total radiated RF power P,q4 from the array is important for estimating

the DC-to-RF efficiency, system gain, and combining efficiency. This power can
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be approximated by integrating over the experimentally determined 3D radiation
pattern. Notice that the total radiated power P4 is lower than the transmitted
power P; due to losses in the output array accounted for in the previous equation by
using the gain G, instead of the directivity D;. The total radiated power can now

be calculated from the measured EIRP.

= — 2.
Pra.d Dt ( 21)

The directivity of the transmit array (unlike the gain) can be calculated
relatively accurately from the radiation pattern by using Equation 2.22. For a uni-

formly excited array the directivity can be estimated from the physical aperture.

__ 4m|E(6, )| 0
YT P [T|E(, ¢)2sin6dods (222)

Where E(8,¢) is the radiated electric field pattern in the far field in front of the

array given by the product of the array factor and the pattern of a single element.

2.4.2 Power Gain
Once the radiated power is estimated, one can define the system gain

Gsystem Of a transmitting array as

P,
Gsystem = f:ad 3 (223)
m

where B, is the power delivered to the feed horn. This gain definition includes the
feed loss from the feed antenna to the active elements as well as the gain contributed
by the array. While this definition requires the directivity of the transmit array to
be estimated, an antenna gain, Gaptenna, including the directivity of the transmit

array can be defined:
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EIRP
Gantenna = P = Gsysteth (2-24)
1

For quasi-optical amplifier arrays fed from the far field, the feed loss at the
input can be much greater than the active gain of the array [13]. It is therefore
essential to use dielectric lenses or use a near-field feed with lensing to achieve real
gain.

Notice that most far-field fed quasi-optical amplifier arrays often calibrate
out the feed loss at the input side and reports the effective power gain Geg contributed
only by the active elements in the array. First, a calibration is performed without
the quasi-optical amplifier array between the transmitting and receiving horns. The
array is next inserted and the received power measured Ppeas. The effective isotropic

power gain (EIPG) are then defined as given below.

Finess (1 +7)" (4—”) i (2.25)

EIPG = GrGa.ctivth = Py T‘%T‘% A

By calculating the directivities of the receiving and transmitting arrays as

indicated in the previous section, the effective power gain can be estimated.

_ EIPG
~ D.D,

Geft (2'26)

In grid amplifier arrays [30, 29], the directivities are often estimated by the physical

aperture of the array. Then the effective gain becomes:

EIPG [ A2)\?
Gest = 3 <4_> (2.27)
phys 4

The definition of absolute gain was introduced by Schoenberg [13]. Where
absolute is used to describe an increase in the EIRP of a source due to using a quasi-
optical amplifier array in a transmitter. The active array is placed at the plane of

an aperture cut out of a large absorbing sheet. A through measurement without the
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array inserted is first performed as a calibration. The quasi-optical amplifier array is

next inserted, and the received power measured. The absolute gain is then defined

as

Gabs = lj’;“’“. (2.28)
cal

Both the absolute gain definition and the antenna gain definition are used

in Chapters 3 and 4. For a quasi-optical lens with a small F-number, the absolute

and antenna gains can be related as follows:

A 2

Pmeas = PinGa.ntenna.Gmeas <m) = GabsPca.l (2-29)

where

A 2
Pca.l = PintGmeas (m) (2-30)
then
GapsGr (R + F)?

Gantenna = abs fl(iﬁ ) (2.31)

where Gy is the gain of the feed antenna. In these equations, it is assumed that the
focal length is short and the aperture does not affect the through calibration of the
absolute power gain.

A passive array with the active elements replaced by through lines is often
used to accurately measure the average gain of the active elements in the array

Gactive- The average active gain is then simply given by the ratio

Gabs.active _ Ga.ntenna,a.ctive (2 32)

Gactive =

Gabs,passive Gantcnna.,passive
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2.4.3 Power Combining Efficiency

The combining efficiency describes how effectively the combiner is summing
the available power from the individual devices. In a quasi-optical array the com-
bining efficiency can be defined as the ratio of the total radiated power to the sum

of the maximum possible power available from each of the devices in the array.

Pra.d
Mooy = — 24 (2.33)
T SN B vl

If the loss in the transmitting antenna elements is not included in the combining

efficiency, another combining efficiency can be defined as

Ga.ctive (2 3 4)

Tcomb =
com Gactive,element
where Gactiveelement iS the measured power gain of a single circuit amplifier. This
combining efficiency will always be higher than the efficiency based on the previous

definition.
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CHAPTER 3

A MICROWAVE TRANSMIT/RECEIVE QUASI-OPTICAL LENS AMPLIFIER
ARRAY

3.1 Motivation

Several transmission-mode plane-wave fed quasi-optical amplifiers for mi-
crowave and millimeter-wave power combining have been presented to date [30, 73,
31]. Each of these amplifiers is fed with a plane wave from a source in the far field as
was discussed in Chapter 2. In order to improve feed efficiency without using exter-
nal lenses, lens amplifier arrays were developed [35, 41]. In a transmission-mode lens
amplifier, the feed is placed in the near field along the focal surface, thereby mini-
mizing diffraction loss. In transmission, a lens amplifier can provide high effective
radiated power. A lens amplifier can also be used in reception, offering high dynamic
range because the noises contributed from the individual amplifiers are uncorrelated
[13]. In reception, a plane wave is received, amplified and focused onto a mixer
[49]. The transmit and receive functions of a lens amplifier can be combined to form
a quasi-optical T/R module as shown in Figure 3.1. In this chapter a 24-element
bi-directional quasi-optical lens amplifier with a unit cell as shown in Figure 3.2 is
presented. Section 3.2 describes the unit cell, Section 3.3 discusses the array, and

Section 3.4 describes some applications for this lens array.
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Figure 3.1. A quasi-optical T/R module consisting of a transmit/receive amplifier
and a grid oscillator/mixer.

Figure 3.2. A transmit/receive X-band quasi-optical array amplifier element. The
slot antennas are 2.5 cm long and 2 mm wide, and the unit cell dimensions are 3.5
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Figure 3.3. Circuit schematic of the unit cell. Both amplifiers are matched for gain
with matching circuits M, at the gates and My at the drains.

3.2 Single Array Element

A bi-directional transmission amplifier element, designed to operate around
10 GHz, was fabricated on a 0.507-mm-thick Duroid substrate with ¢,=2.2. A cir-
cuit schematic of the array element is shown in Figure 3.3. Orthogonally polarized
antiresonant slot antennas were used at the input and output because of their wide
bandwidth and ease of fabrication with microstrip feed lines. Figure 3.4 shows the
measured and simulated return loss for a single slot antenna. A 2:1 VSWR. band-
width of about 40 % was measured. The measured E- and H-plane radiation patterns
for a single slot antenna are shown in Figure 3.5. The H-plane pattern shows a null
in the boresight direction as expected for a center-fed second resonance slot. Both
the characteristic impedance of the microstrip and the antenna input impedance are
652, to avoid additional matching sections for the antennas. Two SPDT switches
are used to switch between a general-purpose MESFET amplifier stage for transmit
mode and a PHEMT amplifier stage for receive mode. Both amplifiers are matched
for gain in this unit cell. The receive amplifier is stabilized with a 200-Q chip resistor

from gate to source. Two p-i-n diodes are used for each switch. The DC bias for
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Figure 3.4. Measured (-) and simulated (--) return loss for a single slot antenna.
The simulations were performed with the CAD package Ensemble.

the diodes is supplied through the slot antenna feed-lines. Both transistors share the

same drain bias to reduce the number of bias lines.

Measurements for the unit cell are conducted using E-plane horns placed

in the far field and connected to an HP 70820A microwave transition analyzer. In

! transmission, an incoming plane wave from a vertically polarized horn is amplified
by the transmit amplifier, reradiated as a horizontally polarized plane wave, and
received by a horizontally polarized horn. In reception, an incoming plane wave
from the horizontally polarized horn is amplified by the receive amplifier, reradi-
ated as a vertically polarized plane wave, and received by the vertically polarized
horn. Polarizers are inserted at a half wavelength on each side of the unit cell to
improve the gain. The received power is measured for both the transmit and receive
amplifiers over a range of frequencies. The gains contributed by the amplifiers are
approximately calculated from the Friis formula and plotted in Figure 3.6. A gain

of 5.5dB for the slot antennas with polarizers was used for the calculations, based

|
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Figure 3.5. Measured radiation patterns for a single antiresonant slot antenna at
10 GHz. 0° represents the circuit side and 180° represents the ground plane. E-
plane(-) and H-plane (--).

on the measurement shown in Figure 3.5. The transmit amplifier has a maximum
measured gain of 10dB at 11 GHz. The receive amplifier has a measured gain of

7.5dB at 10.8 GHz. Measured ON/OFF isolation of about 10 and 20 dB are seen for

the receive and transmit amplifiers, respectively.

3.3 Transmit/Receive Lens Amplifier Array

The transmit/receive lens amplifier array consists of 24 elements in a trian-
gular lattice with four elements in the first and fifth row, five elements in the second
and fourth row, and six elements in the third row as shown in Figure 3.2. Lensing
delay lines are incorporated between the antenna pairs in each unit cell. The delay
line lengths were calculated using the design equations for a lens with one degree
of freedom [69]. The focal distance of the array is 27.5cm and the corresponding

F-number is 1.5. Each element in the array measures 3.5x3.7 cm. The gate bias lines
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Figure 3.6. Measured gain of the transmit (-) and receive (--) amplifier in a unit
cell.

are horizontal, while the drain and diode bias lines are distributed diagonally. An
identical passive array, with the amplifiers replaced by 65-Q through lines between
the two slots, is used for calibration.

For reception, a transmit horn antenna, located in the far field of the array,
provides a horizontally polarized incident plane wave to the array. The array receives,
amplifies and reradiates a vertically polarized wave to a receive horn located at the
focal point. For transmission, the signal path is reversed. Two polarizers are inserted
at a half-wavelength distance on each side of the array. The passive array is measured
to provide a reference for the measurements. The measurements are normalized to a
through measurement with the transmit and receive horns co-polarized. A 22x26 cm
aperture cut out of absorbing material is used for this calibration.

Measurements were first performed with the 10 central elements populated.
A measured ON/OFF isolation of 25dB for both receive and transmit modes with
10 elements is seen. In receive mode, a maximum active power gain of about 10dB

relative to the passive array with 10 elements connected is measured at 9.4 GHz. In
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Figure 3.7. Photograph of the circuit side of the 24-element transmit/receive ampli-
fier array. Orthogonally polarized slot antennas are located in the ground plane as
indicated in Figure 3.2.
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transmit mode, the measured active power gain is about 5dB at 10.2 GHz.

These measurements were repeated with the 24 elements populated; the
results are plotted in Figure 3.8. In receive mode, a maximum active power gain of
5.5dB relative to the passive array with all 24 elements connected is measured at
10.1 GHz. The corresponding bias point for the array in receive mode is: Vg, =
1.5V, Igine =400 mA, and I4ipdes = 700 mA. In transmit mode, the measured active
power gain is 2.0dB at 10.2 GHz. The optimum bias point for the array in transmit
mode is: Vygow = 1.76V, Igpow = 500 mA, and Iyjodes = 700 mA.

A possible explanation for reduction in gain when increasing the size of the
array from 10 to 24 elements is increased non-uniformity of the amplifiers across the
array. This could be due to fabrication, unmatched devices, coupling between unit
cells, as well as a larger fraction of edge elements in the 24-element array as compared
to the 10-element array. The absolute power gain relative to the rectangular aperture
is 3.9dB in reception and 0.9dB in transmission. Measured ON/OFF isolation
ratios of about 15dB in receive mode, and more than 20dB in transmit mode are
seen. Notice that the physical area of the active antenna array only covers 55 %
of the aperture, so the absolute power gains arc expected to be higher than those
measured. Also note due to the limited performance bandwidth of the amplifiers,
the active array is lossy compared to the passive array outside the amplifier gain
range. The measured antenna gains shown in Figure 3.9 are 8.5dB in reception and
about 5dB in transmission when the array is fed from an E-plane horn.

The 24-element lens amplifier has a measured beamwidth of about 10 de-
grees in both E and H-plane, with side-lobe levels of less than -10dB as shown in
Figure 3.10. The theoretical patterns were calculated using the measured radiation
pattern of a single slot antenna. From the measured radiation patterns a directivity
of about 25dB is estimated for the output array. Using an antenna gain of about

3dB from Figure 3.9 for the passive array, a relatively high feed loss of around 22 dB
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for this lens amplifier array is calculated. The high feed loss for this array is largely
due to the low aperture efficiency of about 20 % and large spill-over loss due to the
high F-number of 1.5. A hybrid design with MMIC amplifiers/switches and a sub-
strate with a higher dielectric constant can be used to reduce the unit-cell size and
increase the aperture efficiency. A more directive feed and shorter focal length can

be used to improve the spill-over loss.

3.4 Applications
3.4.1 A Quasi-Optical Receiver

A complete quasi-optical receiver front end can be formed by cascading the
lens amplifier with a 10.39-GHz grid oscillator/mixer as shown in Figure 3.1. A
transmitted 10.10 GHz carrier, amplitude modulated with a 10-kHz square wave, is

amplified and focused by the 10-element lens amplifier towards the self-oscillating

mixer located at the focal point. The 290-MHz IF present on the bias-lines of the grid
oscillator is demodulated using an HP 89441A Vector Signal Analyzer. The recovered
10-kHz square wave is shown in Figure 3.11. The quasi-optical grid oscillator is just
one example of a feed type. Possible advantages of using a grid oscillator are: power
combining at the source level; reduced phase noise as more devices in the grid lock

[14]; and self-oscillating fundamental or harmonic mixing in reception [49].

3.4.2 Multipath Fading Reduction

Reduction of multipath fading using a lens amplifier array can be demon-
strated by a simple measurement. A 45x30cm metallic mirror located parallel to
the optical axis in front of the amplifier array was translated in 3-mm steps perpen-
dicular to the optical axis as shown in Figure 3.12. For each step, the mirror was

rotated through a set of angles. The received power was measured for all mirror

|
t
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! Figure 3.8. (a) Measured absolute gain of the 24-element active and passive array
‘ in transmit mode, with polarizers at input and output.(b) Measured absolute gain
of the 24-element active and passive array in receive mode, with polarizers at input
and output. The measurements are normalized to a through measurement with a
i rectangular aperture surrounded by absorbing material. The solid lines represents
the biased on state, the dotted lines the biased off state, and the dashed lines shows
the measured results for the passive array.
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Figure 3.9. (a) Measured antenna gain of the 24-element active and passive array in
transmit mode, with polarizers at input and output. (b) Measured antenna gain of
the 24-element active and passive array in receive mode, with polarizers at input and
: output. The solid lines represents the biased on state and the dashed lines shows
i the measured results for the passive array.
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Figure 3.10. (a) Measured (-) and simulated (--) H-plane radiation pattern for
the receive amplifier at 10.1 GHz. (b) Measured (-) and simulated (--) E-plane
radiation pattern for the receive amplifier at 10.1 GHz. The theoretical patterns
were calculated using the measured antenna pattern of a single slot antenna.
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Figure 3.11. A 10-kHz square-wave signal received by a quasi-optical receiver front-
end and demodulated. A transmitted amplitude modulated 10.1 GHz carrier is re-
ceived, mixed to a 290-MHz IF and demodulated using a vector signal analyzer.
positions with and without the lens amplifier.

The measured maximum fades of a 10.1-GHz carrier signal, with and with-
out the 24-element lens amplifier, and normalized to the received signal without
the mirror inserted, are shown in Figure 3.13. Maximum fading nulls of less than
-4dB and more than -50 dB were measured with and without the lens amplifier, re-
spectively. This simple measurement show that a lens amplifier can also provide a

significant improvement of multipath fading effects due to the increased directivity

of the receiver [79].

Transmit Horn Receive Horn

KF__W_H_ e — - Bem 27-_5°m_.|>
|
\ 4

Metallic Mirror Aperture

Figure 3.12. Test set-up for the multipath experiment. A 45x30 cm metallic mirror
located parallel to the optical axis in front of the 24-element lens amplifier is trans-
lated in 3-mm steps from the axis. For each step, the mirror was rotated through a
set of angles.
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Figure 3.13. Measured maximum multipath fading nulls of a 10.1-GHz carrier sig-
nal. The received power is normalized to through measurements without the mirror
inserted. With (a) and without (b) the 24-element lens amplifier array inserted.
Notice the different vertical scales.
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3.4.3 A Multi-User Application

! A multi-user frequency reuse experiment demonstrates how two separate
; signals incident from different angles can be received independently at different lo-
cations along the focal surface of the 24-element lens amplifier array. Beam-steering
patterns are measured at 10.1 GHz for receive locations at -20, 0 and +20 degrees
along the focal surface in the E-plane of the array as shown in Figure 3.14. The
normalizing power levels of the main lobes are within 2dB. The measured sidelobe
levels for the 0 and 20-degree receive locations are below -10 dB. A multi-user experi-
ment, with two incident signals at 0 and 20 degrees and with the same incident power
levels, is performed as shown in Figure 3.15. The received power of an interfering
signal originating 20 degrees from the desired signal has a measured relative power of
about -10dB in this set-up. Square-wave signals at f4 = 50 kHz and fs =150kHz
are frequency modulated on a 10.1-GHz carrier and incident from 0 and 20 degrees,
respectively. The demodulated signals received at the 0 and 20-degree positions on
the focal surface are shown in Figure 3.16. The interfering signal appears as an

additional ripple in the demodulated signal.

3.5 Conclusion

A transmit/receive quasi-optical lens amplifier array is presented. In trans-
mit mode, the vertically polarized antiresonant slot antennas receive an input wave
from a focal point and SPDT switches route it through transmit amplifiers to the hor-
izontally polarized output slots. In reception, the horizontally polarized slots couple
the input signal through the receive amplifiers to the vertically polarized slots. Am-
plifier gains of 5.5 dB at 10.1 GHz in receive mode, and 2.0 dB at 10.2 GHz in transmit
mode are measured. The functionality of this quasi-optical approach is demonstrated
with several examples: (1) a quasi-optical T/R module; (2) a quasi-optical AM re-

1
’ ceiver; (3) significant multipath fading null reduction; and (4) a multi-user with

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



60

'
(%]

Normalized Power, [dB]

-60 -40 -20 0 20 40 60
Angle, [Deg.]

Figure 3.14. Beam-scanning in E-plane at 10.1 GHz for the 24-element lens amplifier
array in receive mode. Receive horn at (-) 0, (--) -20 and (...) 20-degree locations
are shown. The normalizing power levels of the main lobes are within 2 dB.

Focal Surface \; _ B' — FSK modulated

_- 150 kHz signal
fro // _-- on a 10.1 GHz carrier.
HP 894414 _é_AK_ F_LoZ_2Deg __ _ A’ FSK modulated
X;Ztor Signal — T T Lens Amplifier Array 50 kHz signal
yzer % B § on a 10.1 GHz carrier.
fro ~

Figure 3.15. Test set-up for the multi-user experiment. Square-wave signals at
fa =50kHz and fp = 150 kHz are frequency modulated on a 10.1-GHz carrier and
input at 0 and 20 degrees from the optical axis, respectively. The two signals are
received by horns located on the focal surface behind the 24-element lens amplifier
: array, and demodulated using a vector signal analyzer.
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Figure 3.16. (a) Received and FSK demodulated 50-kHz signal for a receiver located
at 0 degrees.(b) Received and FSK demodulated 150-kHz signal for a receiver located
at 20 degrees. The signals are demodulated using a vector signal analyzer.

frequency reuse FSK data link.
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CHAPTER 4

A MILLIMETER-WAVE TRANSMIT/RECEIVE QUASI-OPTICAL LENS
AMPLIFIER ARRAY

4.1 Motivation

While solid-state devices are capable of producing a few watts at microwave
frequencies, the output power from a single device in the millimeter-wave band is
limited. Due to the large available bandwidths in the millimeter-wave band, many
applications use these frequencies despite the limited available power. Examples of
such applications are satellite communications, automotive radar, remote sensing,
imaging and military applications such as missile seekers. A T/R quasi-optical lens
amplifier can provide a front-end with a relatively high EIRP in transmission and
high dynamic range in reception for these kinds of applications. A millimeter-wave
front-end is also more compact and lighter weight as compared to its microwave
counterpart. The lens amplifier presented in this chapter is designed for Ka-band.
The following Section 4.2 presents the design of this active antenna array, while some

experimental results for the lens array are given in Section 4.3.

4.2 Design

For a compact design and a relatively small unit cell, the Ka-band lens
amplifier array uses a hybrid design technique with MMIC amplifiers and switches.
While the X-band lens amplifier array was fabricated on a single substrate, two

7.62 x 7.62 cm substrates mounted back-to-back are used for this array to double the
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Figure 4.1. Schematic of the folded feed used for the Ka-band array. The lens array
is fed from the center element in the feed side array with a metallic mirror located
at half the focal distance of the lens.

. circuit area of each unit cell. Both a passive 36-element design and a 20-element
active array were fabricated. The 36-element passive design has an F-number of 0.63
to minimize the feed loss. In the active array, the center 20-elements of the array
are populated with a corresponding F/D ratio of 0.89.

The center element in these lens arrays is reserved for a feed element. By
feeding the feed-side array from this element with a metallic mirror located at half
the focal distance in front of the array, a more compact folded system is achieved as
shown in Figure 4.1. The feed-side array can also be fed from a separate feed antenna
located at the focal distance in front of the array. This configuration allows for beam
forming and beam steering by adding several feed antennas along the focal surface.
Beam steering can be performed mechanically with the folded feed, by moving the
metallic mirror along the arch at half the distance to the focal surface. The mirror

| must also be simultaneously rotated to face the beam-steering direction.

!
|
z
;

|
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The heat produced by the amplifiers in the 20-element transmit array, is in
excess of 15 W. A substrate with good thermal properties is therefore desirable. To
reduce the size of the radiating elements, 0.38-mm-thick Rogers TMM10 substrates
with a relatively high €,=9.2 were chosen. This substrate material exhibits low loss
at Ka-band, allows for drilling of the holes necessary to mount the MMIC amplifiers,
and has fair thermal conductivity of 0.73 W/mK. A design using an aluminum nitride
substrate with thermal conductivity 170 W/mK on the feed side and a TMMIO0
substrate on the front side was first made for improved thermal properties, but
it was found during fabrication that the different thermal expansion coefficients of
the two substrates caused the TMMI10 substrate to crack. Two aluminum nitride
substrates could be used, but special fabrication equipment would be needed to drill
the holes for the MMICs. The substrate thickness was chosen sufficiently thin to
avoid substrate modes and as thick as possible for heat sinking and a less brittle
design. The substrates are clad with 12-um-thick copper to reduce the amount of
over-etching of the circuits during the photolithography. A 0.25-mm diameter holeis
first drilled in each corner of the two substrates to facilitate alignment of the circuit
layout on both sides of the feed- and front-side substrates.

Patch antennas were chosen for the radiating elements, because they do not
require external polarizers and are easy to fabricate with microstrip feed lines. The
patch antennas were first designed using RP-Design [80] and then optimized using
Ensemble as shown in Figure 4.2. The simulated return loss for a 30-GHz patch
design is shown in Figure 4.2. A 2:1 VSWR bandwidth of about 1 GHz (or 3%) is
seen.

An initial passive array design operating at 30.5 GHz indicated over-etching
of the circuits. All circuit dimensions of the final design were increased by 20-um in
the mask layout to account for this effect. The operating frequency of the final design

presented here, shifted to 28.5 GHz due to less over-etching during the fabrication
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Figure 4.2. a) Layout of a Ka-band patch antenna on a 0.38-mm-thick TMM10
substrate. b) Simulated return loss for the patch antenna. The simulations were
performed using Ensemble.

process.

Both the patch input impedance and the characteristic impedance of the
microstrip lines are 50, to avoid additional matching sections for the antennas
and MMICs. The width of the bias lines is 200 um to reduce ohmic losses while
minimizing coupling.

Rectangular slots cut out in the ground planes of the two substrates are
used to connect the microstrip lines on the feed- and front-side substrates as shown
in Figure 4.3. The slots are 2mm long and 0.56 mm wide, and the microstrip lines

extend 0.49 mm over the slots. The simulated reflection and transmission coefficients
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Ground Plane
with Slot Coupler

TMM10 Substrates

Microstrip Lines

Figure 4.3. Layout of a Ka-band slot coupler. Two microstrip lines on two separate
0.38-mm-thick TMM10 substrates are coupled through a 2mm long and 0.56 mm
wide slot cut out in the common ground plane.

of a slot coupler are shown in Figure 4.4. The simulated transmission loss is less than
0.5dB from 25 GHz to 35 GHz. The bandwidth of this lens array is hence limited by
the bandwidth of the patch antennas. Ohmic losses in the microstrip lines accounts
for most of the 0.25-dB loss at 30 GHz. The slot polarization is chosen orthogonal
to the patch polarization in the front-side array, to minimize feedback between the
input and output of the amplifiers and thus prevent oscillations.

An Alpha MMIC AA028N1 low-noise amplifier and an AA028P3 driver
amplifier are chosen for the receiving and transmitting amplifiers. Two reflective
MMIC SPDT switches (Alpha AP640R2) are used to switch between the amplifiers.
The MMICs are mounted on the ground plane of the feed-side substrate in holes
milled out of the front-side substrate. The amplifiers allow for a compact unit cell,
because they are self-biased and thus require only a single bias line. A total of four
bias lines are needed for the MMICs in each element. The DC bias to the amplifiers
and switches is supplied through 47-pF blocking capacitors. A series 30-) resistor
is added in each arm of the switches for better control of the DC current to the
p-i-n diodes. The three-stage transmit and receive amplifiers have relatively high
gains of 19dB and 14dB at 28 GHz to overcome the feed loss of the lens array. To
ensure stability, 2-ns SPDT switches with more than 28-dB isolation and less than
1.1-dB insertion loss are used. Some important properties of the MMIC amplifiers

and switches selected for the active array are summarized in Table 4.1 and 4.2.
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Figure 4.4. Simulated a) reflection coefficient and b) transmission coefficient of a
slot coupler. The simulations were performed using Ensemble.

[ Parameter | Receive Amplifier | Transmit Amplifier |
: Frequency Band 24-30 GHz 27.5-29.5 GHz
f Small Signal Gain 14dB 19dB
! Noise Figure 28dB —
Output Power at 1dBc 7dBm 16dBm
Saturated Output Power — 18.5dBm

Table 4.1. Typical properties of the low-noise amplifier MMICs used for reception
and the three-stage driver amplifier MMICs used for transmission at 28 GHz.
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|  Parameter | SPDT Switches |
Frequency Band 26-40 GHz

Insertion Loss <1.1dB
Isolation > 28dB
Switching Speed < 2ns

Power Capability 33dBm

Table 4.2: Typical parameters for the MMIC SPDT switches at 28 GHz.

| The layouts of the unit cells in the front- and feed-side arrays are shown
in Figure 4.5. The unit-cell size is A x A. While a slightly smaller unit cell would
reduce grating lobes and increase the directivity of the array, concerns for coupling
in the array and possibility for oscillations prevented the design of a smaller unit cell
to be made.

The delay lines located on the feed-side array, were designed using the
design equations for a one degree of freedom lens with a perfect focal point on the
optical axis [69]. The focal length is 4cm (4 \) for this lens. The layout of the feed-
and front-side arrays are shown in Figure 4.6. A rectangular lattice was used to
ease the layout of the bias lines and reduce the unit-cell size. Both the feed- and
front-side arrays avoid the corners of the square substrates where a uniform photo
resist layer is difficult to achieve during the photolithography process. This layout
was also chosen to match the radiation pattern of the feed antenna to achieve a more

uniform illumination of the array elements.

4.3 Experiment

A passive 36-element array was first fabricated and measured to check if
the patch antennas and slot couplers operate at the desired frequency. A through
calibration is first made on a HP 8510C network analyzer with an open Ka-band WR-
' 28 waveguide located at the focal point, and a co-polarized Ka-band 25-dB standard

? gain horn located in the far field (125 cm) of the lens. The horn polarization is then

fl
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Figure 4.5. Layout of the a) feed- and b) front-side unit cell of the Ka-band trans-
mit/receive lens amplifier array. The unit cell is 10 x10 mm. The MMICs, capacitors
and resistors are mounted on the ground plane of the feed-side substrate in holes
milled out of the front-side substrate.
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Figure 4.6. Layout of the a) feed and b) front side of the 36-element Ka-band trans-
mit/receive lens amplifier array. The center 20 elements in the array are populated.
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rotated 90 degrees, and the passive lens array inserted. The absolute gain plotted
in Figure 4.7, shows a 2.7-dB loss at 28.8 GHz. A metallic mirror is next inserted
at half the focal distance, and the patch antenna in the center of the array is used
as a feed antenna. The absolute gain for this feed is about 0.2dB at 28.8 GHz.
The feed loss of this system is reduced, because the signals reflected from the array
(due to a 30 % aperture efficiency) are reflected back by the mirror. The reduced
bandwidth of this system is probably due to the standing waves between the mirror
and the array. By increasing the aperture efficiency of the array, this effect can
be reduced. The directive gain of the WR-28 waveguide feed is estimated to be
4.1dB [62]. The measured antenna gains for the passive lens with a waveguide and a
folded patch feed are 1.4dB and 4.3 dB, respectively. The simulated directivity of a
uniformly illuminated 36-element array is 22.8 dB. If en efficiency of 70 % is assumed
for the patch antennas, the total feed loss becomes 19.9 dB with the waveguide feed.
Simulations predicted about 15 dB feed loss for the waveguide fed lens. The difference
of about 5dB can be due to coupling in the antenna arrays, increased loss in the slot
couplers due to a small air gap between the two substrates, and increased loss in the
patch antennas and microstrip lines.

Similarly, the absolute gain for the active 20-element array is measured with
an open WR-28 waveguide in both transmitting and receiving modes. In transmit
mode, the absolute gain is measured with 5, 8, 11 and 17 elements populated as shown
in Figure 4.8. An absolute gain of 7dB is measured in transmit mode at 28.3 GHz
with 17 elements populated. A 3-dB gain reduction is seen when the the array
temperature increases to a maximum of around 108° C without air-cooling at room
temperature and with the optimum bias point. The optimum bias point in transmit
mode is: Vpower=4V; Lpower=2.22 A; and Iji4es=300 mA. The 3-dB bandwidth in
transmit mode is about 300 MHz. Only 17 of the 20 transmit amplifiers operate,

because three transmit amplifiers failed during fabrication and were disconnected.
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Figure 4.7. Measured absolute gain for the passive 36-element array fed from an
open WR-28 waveguide and a folded patch antenna feed as indicated in Figure 4.1.
Assuming a 70 % radiation efficiency for the patches, a 1-dB insertion loss for the
switches, and a saturated output power of 18.5dBm from the transmit amplifiers,
a total radiated power of 0.7W can be estimated. The expected effective radiated
power (EIRP) of this array is 70 Watts. A TWT amplifier with sufficient output
power to saturate the array for an EIRP measurement of this array is ordered.

In receive mode, the absolute gain is measured with 5, 8, 11 and 20 elements
populated as shown in Figure 4.9. An absolute gain of -2dB is measured in receive
mode at 28.5 GHz with 20 elements populated. The LNAs used in the array are
low-gain units not initially intended for sale by Alpha. The relatively low absolute
gain in receive mode can be due to a lower than expected amplifier gain. The
9-dB difference between the transmit and receive mode gain indicates an average
amplifier gain of about 10dB for the LNAs, if a 19-dB amplifier gain is assumed
for the transmit MMICs. The optimum bias point in receive mode is: Voower=4V;
Ipower=450 mA; and Iy;04es=300 mA. The 3-dB bandwidth in receive mode is about

750 MHz. Equipment for noise-figure measurements at Ka-band is not available at
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Figure 4.8. Measured absolute gain for the Ka-band array in transmit mode versus
number of elements populated. The lens array is fed from an open WR-28 waveguide
section located at the focal distance. Averaging (5) is used with 5, 8 and 11 elements
populated.

this point. Schoenberg et al. [13] showed that the noise figure of a lens amplifier
array is only slightly higher than the noise figure of a single array element, because
the noise contributed by the individual amplifiers in the array are uncorrelated. The
noise figure of the receive amplifiers is about 2.8 dB.

If a directive gain of 4.1dB is estimated for the open waveguide, the mea-
sured antenna gains can be plotted as shown in Figure 4.10 with 17 elements in
transmit mode and 20 elements in receive mode. The maximum antenna gain in
transmitting and receiving modes are 11.1dB and 2.1dB, respectively. The mea-
sured antenna gains with a folded feed are plotted in Figure 4.11. The maximum
antenna gains are about the same for this feed, but the bandwidths are slightly lower
as expected.

The E- and H-plane radiation patterns are estimated with a simple exper-

imental set-up on an optical table and enclosed with absorbing material in transmit
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Figure 4.9. Measued absolute gain for the Ka-band array in receive mode versus
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located at the focal distance.
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Figure 4.10. Measured antenna gains for the Ka-band array in transmitting and
receiving modes. The lens array is fed from an open waveguide section located at
the focal distance.
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Figure 4.11. Measured antenna gains for the Ka-band array in transmitting and
receiving modes. The lens array is fed from a patch antenna located in the center of
the feed-side array. A metallic mirror is located at half the focal distance in front of
the feed element as indicated in Figure 4.1.
mode at 28.3 GHz as plotted in Figure 4.12. The patterns show a main lobe with
about 15° beamwidth in the broadside direction as expected from the simulations.
The relatively high side-lobe levels can be due to a less uniform phase and amplitude
distribution across the array as well as multipath reflections in the experimental set-
up. A phase error can be due to unequal bond-wire lengths from the microstrip lines
to the MMICs in the unit cells. A maximum path length difference of about 0.5 mm
(18 degrees) between the elements seem possible. Two bond wires in parallel are
used for each connection to reduce this error as well as the series inductance of the
wires, and improve the reliability of the lens array. The measured cross-polarized
signal power is about -10dB relative to the main lobe.

To see how the performance of a lens amplifier array degrades when devices
fail, the radiation pattern of the 36-element array was calculated with 0, 4 (10 %)
and 10 (30 %) elements removed. The results plotted in Figure 4.13, show graceful

degradation of these arrays. With 30 % of the elements removed, the side-lobe levels
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Figure 4.12. (a) Measured co-polarized (~) and cross-polarized (--) E-plane radiation
pattern for the transmit amplifier at 28.3 GHz. (b) Measured co-polarized (-) and
cross-polarized (--) H-plane radiation pattern for the transmit amplifier at 28.3 GHz.
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increase and the broadside directivity decreases by about -3 dB. The beamwidth does
not change significantly. Power loss due to increased feed loss of the array is not
included in the simulations.

The DC power supplied to the 17 transmit amplifiers at the optimum bias
point for gain is about 9 W. For maximum output power, a higher bias point corre-
sponding to a DC power of 15 W can be used. Most of this power is dissipated in the
form of heat. The temperature profile of the feed side substrate is measured for the
lower bias point with and without air cooling from a desk-top fan, Figure 4.14. The

maximum temperature with and without the fan is 57° C and 108° C, respectively.
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Figure 4.13. (a) Layout of the 36-element array with 0, 4 and 10 elements removed.
(b) Simulated E-plane radiation pattern for the three different cases are shown in
: solid, dashed, and dashed-dotted lines, respectively. The patterns were calculated
i using the measured pattern of a single patch antenna.
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Figure 4.14. Measured temperature profile of the Ka-band array in transmit mode
with and without air cooling. The DC bias supplied to the transmit amplifiers is
Voower=4V, Ipower=2.25 A.
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CHAPTER 5

A QUASI-OPTICAL ISOLATOR

5.1 Motivation

Quasi-optical active grids for power combining were developed with high-
power millimeter-wave solid-state transmitters in mind. In a quasi-optical transmit-
ter, the output is a quasi-optical power amplifier. Most quasi-optical amplifiers to
date are linearly polarized, with the input and output antennas polarized orthogo-
nally to each other to provide isolation. To protect the amplifier against high-level
reflections, an external isolator can be used. In this chapter a quasi-optical isolator
is presented. The isolator is designed to improve the isolation and stability of a
quasi-optical amplifier and provide additional functions such as tuning and linear-
to-circular polarization conversion.

The isolator, shown in Figure 5.1, consists of multiple loaded gratings and
is cascadable with a quasi-optical amplifier. A system based on the same principle of
operation, consisting of a meander-line polarizer backed by a metallic ground plane,
was designed for reducing radar cross section (RCS) [81]. A similar quasi-optical
circular polarization duplexer was presented in [82].

In Figure 5.1, the vertically polarized output wave from a quasi-optical
amplifier is first incident on a pair of grids, which do not introduce any significant
transmission loss. Both grids consist of horizontal printed strips, and the second
one is in addition loaded with 390-Q) chip resistors. The vertically polarized wave

then passes through a linear-to-circular polarization converter, and is right-hand
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Figure 5.1. The isolator system consists of a linear-to-circular polarization converter
and an absorbing surface. Transmitted waves are given by solid lines and reflected
waves by dashed lines.

circularly polarized at the output. In the event of a reflection, e.g. the transmitter
facing a large conductive object, the right-hand circularly polarized wave reflects
back towards the transmitter as a left-hand circularly polarized wave. The left-hand
circularly polarized wave becomes horizontally polarized upon passing through the
polarization converter, and is then absorbed in the resistor-loaded grid.

It is possible to view the linear-to-circular polarization converter as a four-
port device by considering the horizontal and vertical polarizations as separate ports
at the input and output. In this case, since the horizontally and vertically polarized
waves have half the power of the input wave and are 90° out of phase, this device
can technically be considered a 3-dB 90° hybrid coupler. However, the ports at
the output are actually coupled together to form a circularly polarized wave, and
the horizontally polarized port at the input is terminated by the absorbing surface,
so effectively this device has only one input and one output port. With the above

properties in mind, we call the device in Figure 5.1 an isolator.
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5.2 Design

The linear-to-circular polarization converter described in detail in [83] op-
erates at around 9 GHz, so the isolator is designed for that range. A full-wave
analysis program developed at the University of Colorado was used for the design
[83]. The absorbing surface consists of a resistively loaded grid and a dipole tuner
grid separated by A/4 of air. The resistive grid has a period of 10 mm and consists
of 9-mm-long thin metallic strips separated by 1-mm gaps. Lumped 390-Q chip re-
sistors are soldered across the gaps. The dipole tuner grid consists of 15-mm-long
dipoles separated by 7mm, and periodically spaced 15 mm apart. Both grids are
fabricated on 0.79-mm thick substrates with e, =2.17.

For the horizontal polarization, the dipole tuner grid can be interpreted
as a transmission-line short at the design frequency. Because the two grids are
separated by A/4, the short can be represented as an open circuit at the plane of the
resistive grid. The resistive grid can then be matched to the free-space impedance
of 3772, minimizing transmission and reflection of the horizontally polarized wave
at the design frequency.

The linear-to-circular polarization converter consists of four inductively
loaded dipole grids, as shown in Figure 5.1. The dipoles are 10 mm long and peri-
odically spaced 13 mm apart. A 100-pF chip capacitor with a measured 0.7-nH lead
inductance is soldered across each of the 1-mm gaps. Notice that the inductance is
dominating the reactance of these capacitors at X-band. The lead inductance was
included in the simulations. Each grid contains an array of dipoles oriented 45° with
respect to a vertically polarized incident plane wave. The field component parallel
to the dipoles is phase-shifted 90° relative to the orthogonal component, resulting in
a circularly polarized transmitted wave. To achieve low transmission loss for both
field components, four identical grids spaced 5.5 mm apart are used. This linear-

to-circular polarization converter has a measured axial ratio of 1.3dB and 2 1.1dB
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Figure 5.2. Experimental set-up of the isolator system. Two X-band horns are
connected to ports 1 and 2 of a network analyzer. The isolator system is placed in
the far field of the horns in the plane of an absorbing aperture. A metallic mirror is
X used as a variable load behind the isolator system.

transmission loss at 8.4 GHz [83].

5.3 Experiment

To characterize the isolator performance, two X-band horns are placed side-
by-side as shown in Figure 5.2. One of the horns provides the incident vertically
polarized wave from port1l of an HP 8510 network analyzer. The other horn is
connected to port 2 and is used to measure cither the co-polarized or cross-polarized
signal reflected through the isolator. The isolator system is inserted at the plane of
an absorbing aperture in the far field of the horn antennas. A metallic mirror is used
as a variable load behind the linear-to-circular polarization converter. Measurements
of S3; are made for a range of mirror positions.

First, both the transmit and receive antennas were vertically polarized and
the metallic mirror was located at the plane of the absorber. Measurements of So;
were obtained as the mirror was translated. The isolator system was then inserted
and S7; measured for a range of mirror positions. Finally, the receive horn was
horizontally polarized, and the isolator measurement was repeated for the same range

i of mirror positions. The maximum reflected powers were compared for a range of
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Figure 5.3. Measurement of the quasi-optical isolator at 8.83 GHz, normalized to the
reflection from a metallic mirror as the mirror is translated. Co-polarized reflected
signal (dashed line), cross-polarized signal (dotted line), and co-polarized signal with
! mirror only (solid line) are plotted.

The best isolation was found at 8.83 GHz, where the linear-to-circular po-
larization converter has a measured axial ratio of 2.5dB and a transmission loss
of 1.1dB. The co-polarized and cross-polarized reflected signals, normalized to the
maximum reflected signal when the isolator is replaced by a mirror, are plotted

in Figure 5.3. At 8.83 GHz, the co-polarized and cross-polarized isolation for the



CHAPTER 6

A QUASI-OPTICAL BPSK MODULATOR

6.1 Motivation

To obtain a complete quasi-optical transceiver front end, a quasi-optical
modulator is an essential component. Digital phase modulation is a widely used
method in today’s communication systems [84, 85, 86]. An X-band quasi-optical
transmission-mode phase modulator is presented. The BPSK modulator uses p-i-n
diode loaded grids to obtain digital phase shifts of 0° and 90°. It is suitable for
cascading with other quasi-optical components. Three digital modulators can be

stacked to form QPSK modulation (0°, 90°, 180° and 270°).

6.2 Design

The modulator consists of two cascaded grids. Each grid is a printed 10 x 10
array, with a period of one third of the free-space wavelength, and loaded with p-
i-n diodes. Each unit cell of the grid contains two diodes, oppositely oriented with
respect to the horizontal bias lines, Figure 6.1. The diodes are connected to vertical

lines of different widths, which represent different reactive loading to an incoming

Figure 6.1: Quasi-optical transmission-type BPSK grid modulator.
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vertically polarized plane wave. When one of the diodes is forward-biased and the
other is reverse-biased, the phase change of the wave transmitted through the grid
is much smaller than when the diodes are oppositely biased. Away from resonance,
when the transmission loss of a single grid is low, the phase change is also small, so
a single grid is not useful for a digital quadrature phase modulator, where 90° phase
steps are required. In order to achieve low transmission loss with simultaneous large
1 phase variation between the two states, a cascade of two grids is used. Effectively,
this achieves impedance matching to the incoming plane wave. Two grids with unit
cells as shown in Figure 6.1 have been fabricated with a period of 10 mm, and were
populated with HP HSMP-3892 surface-mount p-i-n diodes. A full-wave analysis

program MPORT was used for the design [87].

6.3 Experiment

An HP8510 network analyzer was used for the grid modulator measure-
ments. The grids were placed in the far field of the transmitting and receiving horn
antennas connected to the two ports of the network analyzer. An absorbing sheet
was placed around the grid to minimize diffraction. A response calibration was per-
formed without the grid and with the absorbing aperture in place. This sets the
reference plane at the surface of the grid.

The phase of the transmission coefficient was measured for the two bias
states. The grids exhibit a slightly lower operating frequency than designed, proba-
bly due to an underestimated diode package inductance in the model obtained from
the manufacturer. This also resulted in relatively high transmission loss of about
5dB, while the simulations predicted less than 1dB at 10 GHz. At 9.1 GHz, a 90°
relative phase shift was measured with less than 1dB of relative amplitude change
between the two phase states. Three such modulators can be cascaded for QPSK

modulation. The bandwidth is shown to be around 5%, as shown in the measured
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Figure 6.2. Measured phase shift for the BPSK quasi-optical transmission-type grid

results in Figure 6.2 and 6.3. In conclusion, this cascade of two p-i-n diode-loaded

grids performs 90° electronically variable relative phase shift of a wave in transmis-
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Figure 6.3. Measured relative amplitude for the BPSK quasi-optical transmission-
type grid modulator.
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CHAPTER 7
A QUASI-OPTICAL ANGLE DIVERSITY RECEIVER

By locating several receivers at different locations on the focal surface be-
hind a lens amplifier array, angle diversity reception can be achieved. Signals incident
on the lens array from different angles are thus received by different receivers on the
focal surface. Signal processing can then be performed on these signals to improve
the signal-to-noise ratio of the receiver. This technique can be useful for eliminating
multipath fading nulls in wireless communications, since the probability of simulta-
neous fading at several incident angles is low [88]. As an example, in a Rayleigh
channel and a BPSK receiver with an order of diversity equal to N, the probability
of error P, for a given average signal-to-noise ratio (SNR) per channel is given by

[89]

P ( 1 )N 2N -1 (7.1)
e X | — s .
4SNR N

; assuming a sufficiently large SNR (> 10dB), and a mutually statistically indepen-
dent fading of the N channels. For a level of diversity equal to three, the probability
of error decrease as P, o (Z‘Tb’t’z)a‘ For a similar receiver without diversity, the
probability of error is P, o (ﬁ)

The X-band 24-element lens amplifier array presented in [13] was used for
this application. This lens amplifier array was not designed for low-noise and exhibits

a noise figure of 3.4dB. The measured 3-dB beamwidth of this lens is approximately

|
|
|
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Figure 7.1. A quasi-optical angle diversity receiver. Three self-oscillating grid mixers
located on the focal surface behind a lens amplifier array are used to independently
receive signals incident from three different angles.

11°, and the side-lobe levels are below 10dB. The array can be steered to 30° with-
out introducing significant grating lobes. The 10-dB beamwidth is about 25°. By
locating receivers at —30°, 0° and 30° locations as shown in Figure 7.1, signals are
thus received with less than 10 dB interference.

Three C-band quasi-optical grid oscillators presented in [27] were used as
sub-harmonic self-oscillating mixers where the second harmonic is used for the LO.
The IF signal can then be detected on the bias-lines of the oscillator. While other
mixers could be used for this application, a grid oscillator was used to demonstrate a
i quasi-optical receiver. A 600 MHz IF signal outside the injection locking bandwidth
of the oscillator was used in this application.

The measured IF powers from three different mixers are shown in Figure
7.2 as the incidence angle of the RF signal is varied. Signals incident from the three
different angles are isolated by about 10dB. As expected from the beam-steering
measurements, the IF power from each mixer are comparable to the RF powers
received at these angles, Figure 7.3. This angle preserving property of a lens amplifier
array was also utilized in the multi-user frequency reuse application presented earlier

in Chapter 3.
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Figure 7.2. Measured IF power levels received by three self-oscillating grid mixers
located at —30°, 0° and 30° on the focal surface behind a lens amplifier array. The
IF frequency is 600 MHz in this application.

While this simple demonstration only used three receivers located on the
horizontal focal arch of the lens, more receivers can be located on the focal surface
for higher order of diversity. A larger lens with a narrower main beam can be used
to increase the number of receiver locations on the focal surface. The lens array

can also be designed for lower side-lobe levels to reduce the interference between the

incident signals.
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Figure 7.3. Measured RF power levels received by three E-plane horn antennas
located at —30°, 0° and 30° on the focal surface behind a lens amplifier array.
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CHAPTER 8

CONCLUSIONS AND FUTURE WORK

8.1 Conclusions

The main goal of this thesis has been to design and demonstrate quasi-
optical microwave and millimeter-wave transmit/receive lens amplifier arrays. Sev-
eral other quasi-optical components for transceiver front-ends are also presented.
Initial designs were made at X-band to ease fabrication and measurements as well as
reduce the cost of devices. The X-band T/R module consists of three quasi-optical
components: a BPSK modulator; an isolator; and a transmit/receive lens amplifier
array. A final transmit/receive lens amplifier design was demonstrated at Ka-band.

The feed losses of lens amplifier arrays were investigated in Chapter 2.
Several passive lens arrays operating at X-band were fabricated and tested to verify
the simulations. The design and analysis of lens arrays were also discussed.

Both transmit and receive lens amplifier front-ends have been developed
to increase the effective radiated power of a transmitter or to increase the dynamic
range of a receiver. However, to form a quasi-optical transceiver, a transmit/receive
lens amplifier is a necessary component. A 24-element X-band transmit/receive lens
amplifier array using p-i-n diode SPDT switches to switch between transmit and
receive amplifiers is demonstrated in Chapter 3. The antenna gains in transmit and
receive mode at 10.2 GHz are 5dB and 8.5dB, respectively. The transmit/receive
% lens amplifier front-end was used to demonstrate several applications: (1) a quasi-

optical T/R module; (2) a quasi-optical AM receiver; (3) significant multipath fading

!
i
i
l
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reduction; (4) a multi-user with frequency reuse FSK data link.

Quasi-optical power combining was initially intended for obtaining higher
power levels in the millimeter-wave spectrum where the output power from solid-state
devices is limited. A transmit/receive lens amplifier array operating at Ka-band was
developed and tested (Chapter 4) to demonstrate a quasi-optical millimeter-wave
transceiver front-end. A hybrid design with MMIC switches and amplifiers in each
unit cell was used. The 20-element active lens array can be fed with a folded feed
for a compact design. Antenna gains of 7dB and 2.1 dB are seen in transmit and
receive modes at 28.3 GHz. An estimated output power of 0.6 W and an EIRP of
60 W is expected in

The quasi-optical isolator demonstrated in Chapter 5 consists of several
cascaded grids loaded with passive elements. It can provide protection against high-
level reflected signals as well as circular polarization at the output of a high-power
linearly-polarized quasi-optical transmitter. At 8.83 GHz, the co-polarized and cross-
polarized isolation for the maximum reflected signal is 9dB and 19 dB, respectively.
The insertion loss and axial ratio of the linear-to-circular polarization converter is
1.1dB and 2.5dB at this frequency.

A quasi-optical BPSK modulator consisting of two grids loaded with p-i-
n diodes was demonstrated with 0° and 90° of digital phase shifts at 9.1 GHz in
Chapter 6. The modulator operates in transmission and can be cascaded with a
quasi-optical amplifier array.

Finally, in Chapter 7, a simple experiment is presented to demonstrate how

a lens amplifier array can be used for angle diversity reception.
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8.2 Future work
8.2.1 Quasi-optical T/R lens front-ends

Both T/R modules presented in this thesis use SPDT switches with p-i-n
diodes to electronically switch between transmit and receive operation. To achieve
higher switching speeds, optically addressed switches can replace these electronic
switches. While the lens amplifiers presented here can be used for TDMA communi-
cations or radar systems, many communication systems require full duplex operation.
It is therefore of interest to develop a simultaneous bi-directional lens amplifier array
without using switches to isolate the amplifiers. To provide isolation between the
transmit and receive amplifiers, orthogonal polarization or frequency separation of
the transmit and receive signals can be used. In satellite communications, frequency
separation of at least 10 % is often used for the up and down links. In the Iridium
’ system, the up link is at 29.1-29.3 GHz and the down link is at 19.4-19.6 GHz. By
separating the transmit and receive frequencies, bandpass filters (diplexers) can be
used to provide isolation. Another possibility is to replace the switches with surface
mount circulators presently available at X-band. A schematic of a unit cell for a
full duplex transmit/receive lens array with frequency separation is shown in Figure
8.1. High isolation of the diplexer is of importance in a communication system not
only to protect the receiver, but also to reduce the out-of-band noise at the receiver
leaking from the transmitter. Typical isolation needed in cellular systems is between
55dB for low power levels (hundreds of watts) to 90dB in kilowatt transmitters.
In PCS that uses CDMA, about 55dB isolation is required for the base-to-mobile
frequency of 1.93-1.99 GHz and mobile-to-base of 1.85-1.9 GHz. In TDMA systems
such as GSM, switching in time between transmit and receive is used, and there is
no need for high isolation diplexers. By including separate delay lines for the trans-
mitted and received signals, the transmitter and receiver can be located at separate

locations behind the lens array as indicated in Figure 8.1.
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An interesting quasi-optical diplexer with -75 dB isolation was presented
by Ramsay et al. [90]. This system is based on the same principle of operation
as the isolator presented here. By replacing the absorbing surface with a polarizer,
oriented at a 45-degree angle with respect to the optical axis, the incident signals
can be refelected to a receiver located orthogonal to and away from the optical axis.

The thermal issues of high-power millimeter-wave arrays must be addressed
before a high-power transmitter can be developed. A 3-dB gain reduction due to
heat was seen for the Ka-band lens array presented in Chapter 4. Several design
variables such as choice of substrate material, layout of the circuit, use of external
heat sinks and use of high-efficiency amplifiers can reduce the surface temperature

of a quasi-optical array.

8.2.2 Retrodirective Arrays

In many applications such as ID-tags and tracking systems, a retrodirective
! array can modulate and return an incoming signal to a transceiver. Existing retrodi-
rective phased arrays use transmission lines to connect each element in the array to
x the element directly across from the center of the array {91]. For large arrays the
number of transmission lines crossing each other become very large and complicated

to fabricate. By placing a metallic mirror on the focal surface of a passive lens array,

the lens would receive and reflect back incoming signals in the direction of incidence.
Modulation of the reflected signals can be done in the array elements, or by plac-
ing many active antennas on the focal surface. A simultaneous bi-directional lens

amplifier can be used to amplify the reflected signals.

8.2.3 High-speed Wireless Data Link
While a single millimeter-wave transmit/receive front-end is presented here,

a second array can be fabricated to demonstrate a quasi-optical data-link. To form
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a complete quasi-optical transceiver at millimeter-waves, a modulator and isolator

similar to the X-band versions presented here can be scaled to millimeter-wave fre-

quencies.

8.2.4 Quasi-optical Angle Diversity Receiver

While a simple angle diversity receiver using a lens amplifier array was
demonstrated in Chapter 7, it remains to investigate the optimum detector locations
and lens design for this application. A theoretical description as well as an exper-
imental verification of this receiver system in a multipath environment is presently

investigated at the University of Colorado [92].
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