










Figure 7.1: TCDA with screen forming “switchable” ground plane. The red squares
indicate the location of switches. A fixed PEC ground plane (not shown) is located
at the bottom of the array.
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TE bandwidth from Table 7.1. Wide angle scanning would seem to be possible if a

movable ground plane could somehow be implemented.
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Figure 7.2: Simulated VSWR of TCDA-IB with switchable ground plane and tun-
able dipole capacitance, matched over 630MHz-5GHz (8:1 BW). Unfortunately, the
impedance match at intermediate scan angles is significantly worse.

Of course mechanically moving the ground plane is not likely to be practical for

most applications. However, we can approximate a reconfigurable ground plane by

placing a conducting screen between the dipoles and fixed ground plane, as shown

in Fig. 7.1. If switches are inserted within the screen, then it could be switched

between reflective and transparent states. When the switches are on (conducting),

the screen acts as an effective ground plane at a closer distance, for use with broadside

and TM scan conditions. When the switches are off, the screen is (approximately)

transparent, and the distance between the dipoles and ground plane is increased,

for wide angle TE scanning. An additional tuning degree of freedom is added by
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introducing varactor diodes between the dipole tips to adjust the dipole capacitance.

The simulated frequency response of the system is given in Fig. 7.2 for broadside,

TE and TM scanning to 60◦. It is clear that the array maintains a good match over

nearly 8:1 bandwidth in all three scan conditions.
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Figure 7.3: Scanning the TCDA-IB with switchable ground plane in the H-plane.
Although the widest scan position at θ = 60◦ is well matched over the entire band
when the switches are turned off, even a slight reduction in scan angle to 55◦ or 50◦

produces large mismatches whether the switches are on or off. This indicates that
discrete switches are unlikely to be effective, and a continuously tunable approach is
preferred for covering the entire scan volume.

Unfortunately, this approach has a fatal deficiency. Although the switchable

ground plane yields a good match at the extreme scan angles for which it is opti-

mized, the intermediate scan angles are poorly matched. This is because the switch-

able ground plane operates only in only two discrete states, whereas a scanning array

must operate over a continuum of scan angles. As seen in Fig. 7.3, if the array is
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scanned to 50◦, the on-state mode results in a ground plane that is still much too

close, yielding a poor match across the band, especially at low frequencies. However,

in the off-state mode, the ground plane is now too far away, and half-wavelength

short-circuit resonance has moved into the operational band. An attempt was made

to add a second switchable layer, but even this did not provide sufficient “resolution”

for wideband continuous scanning. For this approach to work over the entire scan

volume, the number of switchable surfaces must be dramatically increased, which

is unlikely to provide an efficient and cost-effective solution for extending the array

scan volume. However, we may approximate this effect using continuously tunable

elements.

7.3 Wide-Angle Scanning with a Continuously Tunable Sub-
strate Layer

LDipole CCoupling 

Zsub 

Z0 

hsub 

hsup 

…
 

…
 

Zsup 

Balun 

hsurf Zsub 

Lsurf Csurf 

Figure 7.4: Circuit model for a wide-scan TCDA with tunable substrate layer. Note
the variable capacitors Csurf and CCoupling, implemented with varactor diodes.
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Rather than using discrete switches, a continuously tunable method will be re-

quired in order to cover the entire scan volume. When modeling the above switchable

ground plane, it was observed that the “off state” mesh was not completely trans-

parent, but seemed to increase the effective electrical length of the substrate. The

layer creates a “slow wave” structure which increases the substrate’s effective wave

number. The effect depends on the inductance of the wires and capacitance of the

switches (Lsurf and Csurf ), and therefore can be varied by using a varactor diode to

tune Csurf . By also using varactors to adjust the dipole capacitance Ccoupling, the

result is a continuously tunable array that can be electronically reconfigured for any

scan position. An equivalent circuit model is shown in Fig. 7.4, and the physical

implementation is shown in Fig. 7.5.

Optimization of the circuit in Fig. 7.4 indicates that a bandwidth of 6.6:1 can be

obtained for 60◦ scanning (with VSWR≤2.5:1). This is less than the 8.3:1 bandwidth

that is theoretically possible by physically adjusting the ground plane height, and is

only slightly more than the 5.5:1 bandwidth possible with a fixed non-reconfigurable

array. The reason for the reduction in performance is that the tunable surface is

highly frequency dependent (it can be thought of as a Frequency Selective Surface,

or FSS). The performance improvement when scanning in the H-plane are significant

at the upper end of the band, but the low frequency performance is still limited

by the physical thickness of the substrate hsub. Although the low-end response can

be compensated somewhat by adjusting Ccoupling, the result is not as wideband as

an actual moving ground plane. However, this limitation is less severe than it may

initially seem. Because the reconfigurable layer makes the substrate seem electrically

thicker, the physical array height is reduced. The array with switchable ground plane
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varactors 

hsurf 

hsub 

Figure 7.5: TCDA-IB unit cell with tunable substrate layer. The tunable layer con-
sists of two thin horizontal wires per unit cell, populated with tunable varactor diodes,
indicated in red. Biasing the layer is straightforward, and can be done at the array
edges without disturbing the individual elements. Varactors also load the dipole tips,
which can be easily biased through the balun’s ground plane.
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in Fig. 7.1 has a total height of 2.4′′, whereas the continuously tunable array of Fig.

7.5 is only 1.86′′ tall.

Therefore, the reduction in bandwidth is a natural result of the reduction in

thickness. Although the tunable substrate array has 12% less bandwidth than the

switched ground plane array, it is also 22.5% thinner. Its height to bandwidth ratio

is actually superior to the switched ground plane approach of Fig. 7.1.

The advantages of the tunable substrate layer approach become even more ap-

parent as the scan volume is further increased. For an array scanning to 70◦, the

equivalent circuit of Fig. 7.4 predicts a 5.4:1 bandwidth, which is significantly more

than the 3.3:1 bandwidth possible with a non-reconfigurable TCDA. The full wave

simulated frequency response for both the 60◦ and 70◦ scanning designs are shown

in Fig. 7.6, and depict not only the response at the maximum scan angles, but also

at angles throughout the scan volume (in 10◦ increments of θ and φ). Unlike the

switchable substrate design, the continuously tunable substrate permits an efficient

match over the entire scan volume.
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Figure 7.6: Impedance bandwidth of the reconfigurable TCDA-IB from Fig. 7.5. (a)
Optimized for ±60◦ scan volume, with 6.6:1 bandwidth. (b) Optimized for ±70◦ scan
volume, with 5.4:1 bandwidth.
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7.4 Practical Design Considerations and Challenges

The above analysis was performed with idealized tunable capacitors rather than

with realistic varactor diode models. The capacitances optimized within the tunable

substrate layer used an extremely large tuning range (1-80 fF), which is unavailable

in commercial varactors. When the capacitance ratio is limited to a more realistic 5:1

ratio (13-65 fF), the optimized equivalent circuit bandwidth was reduced from 6.6:1

to 5.9:1 for the 60◦ scanning array, and from 5.4:1 to 5:1 for the 70◦ scanning array.

Although varactors may not be available at such low capacitance values, multiple

devices can be used in series to the same effect.

Fortunately, other than limited tuning range, there are not many performance

reductions expected from physical components. Although devices will contain a small

series resistance, simulation suggests that this has almost no effect on the arrays

bandwidth or efficiency, since it is in series with such a large reactive impedance.

There are also no problems involved with biasing the devices, since they can be daisy

chained together and biased at the edges of the array. This may result in large

voltages if the total number of devices is large, and in such cases it may be preferable

to provide several additional bias points within the array.

In addition to challenges associated with tuning, there are also several practical

issues regarding the array design itself. Cross-polarization is a major challenge for

any wide-scan array. The simulated cross-polarization is given in Fig. 7.7 in the D-

plane (where the cross-polarization is highest), for scan angles up to 70◦. It is clear

that the cross polarization is significantly elevated at large scan angles. This is not

due to any specific design changes associated with the reconfigurable ground plane;

the cross-polarization while scanning to 45◦ is comparable to that of Fig. 6.5. This
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Figure 7.7: Simulated co-polarized and cross-polarized radiated power for wide-scan
TCDA in the D-Plane. The polarization is defined using the Ludwig-3 definition.
Curves are labeled with the scan angle measured from normal.
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elevated cross-polarization is intrinsic to TCDA-type arrays, and is exacerbated here

by the extremely large scan angles achieved by the proposed design. It is well known

that cross polarization can be reduced if the total height of the array is reduced, at

the expense of bandwidth. However, if low cross polarization at extreme scan angles

is critical, then an alternate solution may be required.

Another drawback to the current design is that the element spacing is only 23 mm,

whereas the 5 GHz half-wavelength spacing is 30 mm. The consequence is that the

array is over populated and would need 70% more T/R modules than is theoretically

required. Element size was reduced to better match the full-wave simulation with the

circuit model, for a proof-of-concept design. A larger element size may be possible

through further optimization, though it is not known exactly how performance might

be affected. Because the circuit model does not account for the size of the element,

it is not yet possible to optimize this dimension with the equivalent circuit, and

therefore further optimization requires manually tuning the full wave model. The

use of a more sophisticated circuit model which accounts for element spacing and the

electrical length of the dipole, such as [115], could potentially improve to the design

process.
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Chapter 8: Conclusions and Future Work

As stated in the Introduction, the goal of this thesis has been to address two ques-

tions regarding to low-profile PEC-backed arrays. First: What are their fundamental

limits of performance? And second: How might we improve the design of practical

arrays, in order to approach these fundamental limits?

In the first part of this thesis we provided an answer to the first question by

deriving a fundamental bound on the impedance bandwidth of any electrically large

PEC-backed array constructed from passive, LTI, and reciprocal materials. For arrays

of constant polarization, this limit is a simple closed-form expression which depend

only on the array’s matching efficiency, thickness, scan angle, permeability, as well as

the order (complexity) of the array. Limits were also derived for lossless PEC-backed

arrays of arbitrary polarization, and it was determined that such arrays can only

obtain wide polarization bandwidth if they are linearly polarized.

We also developed limits for the special case when all of the radiating currents

in the array are confined to a single plane, including substrate and/or superstrate

material loading. Because of the ground plane creates periodic resonances over fre-

quency in this case, a high-pass response is not possible for lossless planar arrays.

Rather, the array has a maximum bandwidth that cannot be exceeded, regardless of

array height. The bandwidth limit at broadside for such an array without material
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loading is 8.3:1 (for VSWR ≤ 2:1) if the array is allowed to be infinitely complex,

and 5:1 if the radiating surface has a simple 1st order equivalent impedance, such

as simple coupled dipole or slot arrays. Contrasting the bandwidth limit for planar

arrays to the general limit for volumetric arrays highlights the benefits of features

such as superstrates, lossy backplanes, and multi-layer or volumetric radiators. If the

array is sufficiently tall, these design features can yield extremely large bandwidths.

However, for low profile arrays (kmidh < π/2), a planar design is theoretically capable

of near-optimal performance, despite its relatively simple form.

In the second part of this thesis, we applied our knowledge of the fundamental

limits to address the question of how to design a practical array with performance

that approaches the theoretical limit. These limits were obtained by considering the

array as an impedance matching network, therefore we applied this perspective to

the design problem as well. We showed that a simple Marchand balun can be used

as a multi-stage impedance matching network for a Tightly Coupled Dipole Array

(TCDA), while also providing a practical transition from the balanced input of the

dipoles to an unbalanced feed. This design, which we refer to as the Tightly Coupled

Dipole Array with Integrated Balun (TCDA-IB), eliminates the need for bulky external

baluns, and provides a bandwidth improvement of over 30% compared to a standard

TCDA. The TCDA-IB and TCDA arrays, along with an example balun and 180◦

hybrid are drawn to scale in Fig. 8.1. The TCDA-IB has a height of only 0.68λhigh

above the ground plane, and achieves an impedance bandwidth of 7.35:1 with a low

VSWR of <2.65:1 over the entire ±45◦ scan volume. The baluns are printed on the

same substrate as the array itself and thus their cost and weight is minimal. T/R

modules or phase shifters can be integrated directly onto the same PCB below the
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3 in3, 15g, $10 
per element 

5.5:1 BW 
>8 in3,  >100g, >$1000 
per element 

External 
180º Hybrid 

MCLI HJ-26 
5.9”x1.75”x0.2” 

1-6GHz 
~1.6dB Loss 
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Balun 

Picosecond 5310A 
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4MHz-6.5GHz 

~3dB Loss 
$1500/ea. 

50Ω Unbalanced 
Feed 

50Ω Unbalanced 
Feed 

Balanced Feed 

Figure 8.1: To scale comparison of the TCDA-IB unit cell with integrated balun to
the standard TCDA which requires external baluns or 180◦ hybrids at each element
to implement a wideband scanning array. It is clear that the integration of a compact
balun has significant size, weight and cost advantages. Additionally the performance
is significantly improved, since the bandwidth is increased from 5.5:1 to 7.35:1, and
the insertion loss from the balun is significantly reduced.

ground plane, enabling an extremely compact wideband electronically scanned array.

An 8×8 element prototype array was built to validate the TCDA-IB design, and

compared very well relative to simulation.
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8.1 Comparison of TCDA-IB Performance to Fundamental
Limits

A comparison of the TCDA-IB to other PEC-backed arrays and to the fundamen-

tal limits is plotted in Fig. 8.2. The performance of each design is given in terms of

the new metric PA which was introduced in Chapter 1, and provides single number

to represent the bandwidth, scan angle, and matching efficiency of the array. Also

plotted are the theoretical limits for PA, which were derived in Chapter 3.

As seen in Fig. 8.2, the TCDA-IB designs of Chapters 6-7 have the largest PA

of any of the surveyed arrays of similar height (other than the ISPA). However, like

most scanning arrays, the static TCDA-IB of Chapter 6 still has limited bandwidth

because of compromises that must be made when matching an array over a range

of scan angles. A strategy for overcoming this limitation was proposed in Chapter

7 by integrating reconfigurable components within the TCDA-IB structure. Two

reconfigurable TCDA-IB designs were proposed, one that can scan to ±60◦ over a

5.9:1 bandwidth, and one that can scan to ±70◦ over a 5:1 bandwidth.

Although the theoretical limits impose a fundamental performance bound for wide-

band low-profile arrays, we have shown that there is significant room for improvement

from the current state-of-the-art. We have also proposed and demonstrated several

techniques for moving closer to this bandwidth limit, such as higher-order impedance

matching and the use of reconfigurable arrays. Referring to Fig. 8.2, our TCDA-IB

designs achieve significantly greater bandwidth and superior scanning than any other

PEC-backed array of similar thickness.
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Figure 8.2: Survey of wideband array performance PA vs. electrical thickness k0h.
The fundamental limit under constant polarization is given by the heavy black line,
and the limit for arbitrary polarization is given by the dotted line. The TCDA-IB
designs of Chapters 6-7 are shown in red.

Our tightly coupled dipole array with a compact integrated balun (TCDA-IB) is

a simple, low cost array system with extremely wide bandwidth and excellent scan-

ning capabilities. We believe that the TCDA-IB is the first low-profile array that is

capable of greater than 7:1 bandwidth while maintaining a low impedance mismatch

(VSWR < 2.65:1) over a large scan volume (±45◦), and which does not require active
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or external baluns, or lossy materials. The TCDA-IB is therefore an attractive tech-

nology for a variety of wideband communication and sensing applications, especially

for small platforms where reducing size, weight, and cost is critical.

8.2 Opportunities for Future Work

As stated above, the area of wideband low-profile phased arrays remains a rich

field of study. In particular there are several areas related to the research in this

thesis that we believe present excellent opportunities for further investigation. These

topics are discussed briefly here.

Bandwidth Limits for Finite PEC-backed Arrays

The bandwidth limits in this thesis are valid for infinitely periodic arrays. Of

course, real world arrays are finite and suffer from truncation effects. In particular,

tightly coupled arrays are especially susceptible to edge-born surface waves that can

significantly affect performance [113]. In theory, finite arrays must of course satisfy

the small-antenna limits. However, these limits are currently not well suited for

characterizing finite PEC-backed arrays for several reasons.

The Wheeler-Chu limits [4, 5] are based on individual radiating spherical modes.

These modes can be distinguished between those that can propagate above a ground

plane and those cannot. In this way, the ground plane reactance can be accounted for

by analyzing only those modes that satisfy the PEC boundary conditions. However,

even modestly sized phased arrays are not electrically small, and therefore will radiate

a superposition of many spherical modes. There is not therefore a straightforward

manner to determine the gain-bandwidth limits of a finite PEC-backed array using

the Wheeler-Chu limits.
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An alternate antenna gain-bandwidth limit was proposed by Gustafsson [62]. This

limit is not based on the individual spherical modes, but rather on a dispersion rule

formed from the scattering response of the antenna. The low-frequency (Rayleigh)

scattering for any object is bounded by its geometry [116]. This in turn is fundamen-

tally related to the maximum possible gain of the antenna by the Forward Scattering

Theorem [117]. In this way, a gain-bandwidth limit can be established that does not

assume a specific spherical mode, and therefore provides a fundamental limit even

for large, directive arrays. However, this method cannot accurately consider the ef-

fects of the ground plane reactance. We attempted to modify the formulation using

a version of the forward scattering theorem for half-space problems [118]. However,

the resulting scattering function is not causal when referenced to the ground plane

surface, making it difficult to apply the dispersion relations. A similar approach for

a PEC-backed dipole was attempted in [119], but the limitation due to non-causality

was not addressed.

High Frequency Implementation

Our TCDA-IB design is a practical and low cost design, particularly suited for

arrays operating from UHF to X-band (∼300 MHz - 12 GHz). For frequencies lower

than this, commercial baluns are available with sufficient bandwidth and minimal

size, weight, and cost. At higher frequencies, our overall design strategy of using a

compact reactive balun to improve the bandwidth of the array is still valid. However,

the specific implementation shown in Fig. 6.2 may be difficult to implement because

scaling the smaller features may not be possible using standard PCB fabrication. The

implementation of the TCDA-IB at higher frequencies might involve the redesign
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of the balun to eliminate the smallest features, or could use alternate fabrication

methods to improve resolution.

Practical Wideband Power Distribution

Another important issue not addressed in this thesis is the problem of how to

efficiently distribute the RF signal to each element. Power dividers suffer from similar

size, weight, cost, and bandwidth limitations as the baluns themselves. For multi-

octave wideband arrays, achieving low loss power distribution in a low-profile compact

structure is a hard problem. This is not an issue specific to the TCDA-IB design, but

is a problem for all low-profile wideband arrays.
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Appendix A: Realizability Conditions for PEC-Backed

Arrays

Consider the three port network representing a PEC-backed array as seen in Fig.

3.3, with scattering matrix S(s) described by (3.13). A theorem for the physical

realizability of S(s) is given by Wohlers [93],

Theorem. The necessary and sufficient conditions that an n× n matrix S(s) be the

scattering matrix of a lumped, passive n-port normalized to n non-Foster positive real

impedances zi(s) are:

(1) S(s) is rational.

(2) The matrix I − S∗(jω)S(jω) be nonnegative definite for all ω where S∗(jω) =

S′(jω) and I is the identity matrix.

(3) The augmented admittance matrix defined as

Ya(s) =
1

2
h−1(s)

[
h(s)h−1∗ (s)− S(s)

]
h−1(s) (A.1)

is analytic in the open RHP, where h(s) = diag[h1(s), h2(s), ...hn(s)], with hi(s)

defined by the unique factorization,

hi(s)hi∗(s) = ri(s), (A.2)
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such that all of the zeros of hi(s) are in the RHP and all poles are in the LHP,

and with ri(s) defined by (2.67) for the impedance which terminates the ith port.

(4a) Either det[1− (z(s)− 1)Ya(s)] 6= 0 in the open RHP

where z(s) = diag[z1(s), z2(s), ...zn(s)], or

(4b) The matrix [1− (z(s)− 1)Ya(s)](z(s) + 1) has simple poles on the jω axis, and

the matrix formed by the residue of these poles be nonnegative definite.

A special case occurs when the impedances zi(s) are all analytic on the jω axis. In

this case, the fourth condition of Wohlers’ theorem reduces to the requirement that

Ya(s) have simple poles on the jω axis and that the residue matrix be nonnegative

definite.

We will assume that the 3×3 scattering matrix S(s) of Fig. 3.3 is rational and uni-

tary (S∗(jω)S(jω) = 1), thus satisfying the first two conditions. The load impedances

defined by (3.7) are all analytic on the jω axis, and thus it is sufficient to show that

Ya(s) is analytic in the RHP, and has simple poles on the jω axis with a nonnegative

definite residue matrix. From (A.1), we find the augmented admittance matrix Ya(s)

to be

Ya(s) =
1−S11(s)

2
− (1+LTEs)S12(s)

2LTEs
− (1+LTMs)S13(s)

2LTMs

− (1+LTEs)S12(s)
2LTEs

− (1+LTEs)(1−S22(s)+LTEs(S22(s)−1))
2L2

TEs
2 − (1+LTEs)(1+LTMs)S23(s)

2LTELTMs2

− (1+LTMs)S13(s)
2LTMs

− (1+LTEs)(1+LTMs)S23(s)
2LTELTMs2

− (1+LTMs)(1−S33(s)+LTMs(S33(s)−1))
2L2

TMs
2


(A.3)

We observe from (A.3) that Ya(s) is analytic in the open RHP and the third require-

ment of the theorem is satisfied if and only if S(s) is analytic in the open RHP. We

note that this corresponds to the requirement that the network be causal [6, 120].
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From (A.3), all poles of Ya(s) on the jω axis are located at the origin. We can

therefore write Ya(s) as a Laurent series at the origin,

Ya(s) =
∞∑
k=0

Ya,ks
k +

∞∑
k=1

Ya,−ks
−k, as s→ 0. (A.4)

Using (3.13), we find Ya,n = 0 for n ≤ 2, and thus the poles at the origin are simple.

The remaining condition is that residue matrix Ya,−1 is nonnegative definite.

Ya,−1 =

 0 0 0

0 2LTE−a22,1
2L2

TE
− a23,1

2LTELTM

0 − a23,1
2LTELTM

2LTM−a33,1
2L2

TM

 (A.5)

Using the fact that passivity requires a22,1, a33,1, LTE, and LTM to be non-negative,

this produces the following constraints

a22,1 ≤ 2LTE, (A.6)

a33,1 ≤ 2LTM , (A.7)

a223,1 ≤ (2LTE − a22,1)(2LTM − a33,1). (A.8)

We recognize (A.6)-(A.7) as the individual Fano-Youla matching constraints for the

loads at ports 2 and 3 from (2.42). However, the Fano-Youla constraints alone are

not sufficient for multi-port matching problems, and Wohlers theorem imposes a third

constraint (A.8). Therefore, a passive, reciprocal scattering matrix S(s) corresponds

to a physically realizable network for the system of Fig. 3.3 if and only if it is analytic

in the RHP and if the conditions (A.6)-(A.8) are satisfied.
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