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Influence of Switching-Waveform Characteristics
on the Performance of a Single-Layer-Phase

Switched Screen
Barry Chambers, Senior Member, IEEE, and Alan Tennant

Abstract—Conventional microwave-absorbing materials rely on
the absorption and conversion into heat, of the electromagnetic en-
ergy incident upon them. In an alternative approach, the phase-
switched screen (PSS) applies phase modulation to the reflected
signal so that the energy is redistributed into sidebands with, ide-
ally, none remaining at the original incident carrier frequency .
Hence, by adjusting the frequency and shape of the waveform that
controls the PSS reflection coefficient, these sidebands may be po-
sitioned outside the pass-band of a receiver tuned to . An investi-
gation has been carried out to determine how the choice of control
waveform and switching frequency influence the PSS performance.

Index Terms—Electromagnetic scattering, modulation.

I. INTRODUCTION

C
ONVENTIONAL microwave-absorbing materials op-

erate by absorbing the electromagnetic energy incident

upon them and converting it into heat [1]. In several recent

papers [2]–[4], however, we have considered an alternative

technique for achieving an apparent reduction in the level of the

electromagnetic energy reflected from a conducting surface,

using the so-called “phase-switched screen” (PSS).

In the simplest case, that of a continuous wave (CW) plane

wave of frequency incident on a planar PSS, the principles of

operation may be explained in terms of transmission line theory.

The analogue of a single-layer PSS consists of a short-circuited

length, , of transmission line with characteristic admittance

and propagation constant , across whose input terminals

is placed a time-varying conductance . As shown in Fig. 1,

is defined as

(1)

where is the time period for one cycle of the waveform used

to control the state of .

The two conductance states and , result in reflection co-

efficient values of and , respectively, which are defined by

(2)

where is the characteristic admittance of free-space.
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Fig. 1. Short-circuited transmission line shunted by a time-varying
conductance.

Hence, a measure of the performance of the PSS as an “ab-

sorber” is the reflection coefficient , when averaged over time

, i.e.

(3)

For no reflected signal, and hence, from (3)

(4)

When , then , and, from (2) and (4)

(5)

In the simplest case, when , then and (5)

becomes

(6)

In a practical PSS, the appropriate values of sheet conductance

and may be obtained by switching either a layer of func-

tional material [5] or a two-dimensional FSS array loaded with

semiconductor diodes [4]. For an ideal active layer and an ap-

propriate periodic control voltage waveform, and will ap-

proach values of 0 and and hence and will have values

of and , respectively. Thus the PSS will have a time-av-

eraged reflection coefficient of zero and will appear to act as a

perfect absorber at frequency . At frequencies away from ,

0018-9375/02$17.00 © 2002 IEEE
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Fig. 2. Frequency characteristics of passive Salisbury screen and single-layer
planar phase switched screen, d = 7:5 mm ( Salisbury screen, PSS).

the screen thickness and it may be shown from (2) and

(3) that when , the time-averaged reflection coefficient

of the PSS is given by . Hence, the PSS reflectivity, ,

may be calculated from

dB (7)

This is plotted in Fig. 2, for mm, together with the

corresponding curve for a conventional (i.e., passive) Salisbury

screen. The reflectivity curve for the PSS has a narrower band-

width than that of the Salisbury screen because of the absence of

multiple wave reflections when . As and

tend to , however, the two bandwidths become identical

since the PSS then reverts to a normal Salisbury screen.

Although the transmission-line model discussed above, pre-

dicts the general behavior of the PSS correctly, it does not reveal

how the apparent reflectivity is dependent on the actual value of

the switching frequency . Also, it cannot explain what actually

happens to the electromagnetic energy which is incident on the

PSS. Clearly, this must all be reflected, since the instantaneous

magnitude of the PSS reflection coefficient is always equal to

unity. Furthermore, the model does not allow us to determine

quantitatively, how the choice of switching waveform shape and

frequency may be chosen, for optimum PSS performance in the

presence of pulsed incident signals. In order to answer these

questions, a different method of analyzing the PSS’ behavior

is required and that based on spectral analysis has proved to be

particularly fruitful.

II. SPECTRAL ANALYSIS OF PSS FOR BIPOLAR SWITCHING

As has been noted above, at resonance, the ideal PSS presents

a periodic reflection coefficient of to an electromagnetic

wave incident on its surface in such a way that the time-aver-

aged value is zero. This is equivalent to applying binary-phase

modulation to the reflected wave with the result that the energy

is redistributed into sidebands with, ideally, none remaining at

the original carrier frequency . Hence, by adjusting the fre-

quency of the waveform that controls the PSS reflection coeffi-

cient, these sidebands may be positioned so that they lie outside

the pass-band of a receiver tuned to . To illustrate this process,

Fig. 3. Operation of the phase switched screen, (a) incident wave, (b) reflected
wave (M = 2. For clarity, the sinusoidal carrier frequency signal itself is not
shown).

consider the case of a PSS operating against a periodic train of

rectangular pulses of carrier frequency , as shown in Fig. 3(a).

Each pulse is of length and the pulse repetition period is .

After reflection from the PSS, assume that each incident carrier

pulse is replaced by cycles of a bipolar rectangular wave-

form, as shown in Fig. 3(b). Hence, the period of this modu-

lating waveform, , is given by

(8)

and the switching frequency, , is given by .

Since the incident pulse train is periodic, with period , its

spectrum and that of the signal reflected from the PSS may be

determined using Fourier analysis. Hence, the incident and re-

flected signals may be written in the form

(9)

where .

The complex Fourier coefficients, , are then given by

(10)

For the incident periodic pulse train, are given by

(11)

For the PSS-modulated wave and integer, may be written

in the form

(12)

where

(13)

(14)

(15)

and

(16)
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Fig. 4. Reflectivity of planar single-layer PSS with 1:1 bipolar square-wave
switching (1-�s pulse length, 100% duty cycle, i.e., CW carrier, 2-MHz receiver
bandwidth) f = 10 GHz, f = 11 GHz, . . . f = 15 GHz.

In the general case of noninteger, (12) is modified to

a)

(17)

b)

(18)

It should be noted that (11)–(18), in the form shown above, actu-

ally give the spectral components of the incident and PSS-mod-

ulated signals relative to the carrier frequency, i.e., the compo-

nent is actually at .

The apparent PSS reflectivity at frequency , for any

switching frequency , may now be found by comparing

how much energy would enter the receiver pass-band in the

absence of PSS modulation and when PSS modulation has

taken place. In the analysis which follows, it is assumed that

for a pulse-width , the receiver has a total bandwidth of

, since this is consistent with the generally accepted rule

of thumb that the receiver bandwidth at the 3-dB points is given

approximately by .

III. BEHAVIOR OF THE PSS WITH BIPOLAR SWITCHING

Equations (11)–(18) were used initially to calculate the ap-

parent reflectivity of a resonant (i.e., ) PSS when the

incident signal was a periodic train of 1 s rectangular pulses

of sinusoidal carrier with GHz and a pulse duty cycle

of 100% (i.e., equivalent to the CW case). The resulting curve

of reflectivity against switching frequency is shown in Fig. 4. It

Fig. 5. Reflectivity of planar single-layer PSS with 1:1 bipolar square-wave
switching (1-�s pulse length, 10% duty cycle, 2-MHz receiver bandwidth)
f = 10 GHz, f = 11 GHz, . . . f = 15 GHz.

Fig. 6. Reflectivity of planar single-layer PSS with 1:1 bipolar square-wave
switching (1-�s pulse length, 1% duty cycle, 2-MHz receiver bandwidth)
f = 10 GHz, f = 11 GHz, . . . f = 15 GHz.

can be seen that minimum reflectivity occurs when is integer

and this is consistent with (3) and the temporal structure of the

signal reflected from the PSS, as shown in Fig. 3.

When the PSS is in a nonresonant condition , then,

it presents periodic reflection coefficients of (active layer

on, ) and (active layer off, ) to the

incident signal. The two other curves in Fig. 4 show the PSS re-

flectivity performance for CW incident signals at frequencies of

11 and 15 GHz. These curves are identical to those for incident

signals of 9 and 5 GHz, respectively, thus confirming the sym-

metrical nature of the PSS frequency response. It should also be

noted that for high values of switching frequency, the predicted

values of PSS reflectivity agree with those calculated using (7).

The reflectivity of the PSS in the presence of pulsed incident

signals is shown in Figs. 5 and 6, for pulse duty cycles of 10%

and 1%, respectively. It can be seen that the PSS performance
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Fig. 7. One-sided frequency spectrum of pulsed carrier signal incident on and reflected from PSS switched at 8 MHz (f = 10 GHz, 1 �s pulses, 1% pulse duty
cycle) (- - - - Incident signal, Reflected signal).

Fig. 8. One-sided frequency spectrum of pulsed carrier signal incident on and reflected from PSS switched at 8 MHz (f = 15 GHz, 1 �s pulses, 1% pulse duty
cycle) (- - - - Incident signal, Reflected signal).

curves for these cases follow the same trends as the CW case ex-

amined earlier. The results shown in Figs. 4 to 6 may be scaled so

that they are applicable to other pulsewidths and receiver band-

widths. For example, if the pulsewidth is decreased by a factor

of 10, then, the receiver bandwidth and the switching frequency

must be increased by the same factor to give the same value of

reflectivity as before.

Consider now the spectrum of the PSS modulated signal. Fig. 7

compares the spectrum of an incident signal, composed of a train

of 1- s pulses of carrier frequency 10 GHz and pulse duty cycle

of 1%, with that of a signal reflected from a PSS whose reflection

coefficient is switched between using a 8-MHz bipolar square

waveform. It can be seen that the level of the signal reflected at

has been reduced considerably and that the energy originally at

has been redistributed mainly amongst the sidebands positioned

at MHz, odd. Fig. 8 shows the corresponding spec-

trum when the signal incident on the same PSS is at a frequency of

15 GHz. In this case, less energy is redistributed from around
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Fig. 9. One-sided frequency spectrum of pulsed carrier signal incident on and reflected from PSS switched at 8 MHz using a sequence derived from the primitive
polynomial modulo 2 (4, 1, 0), f = 10 GHz, 1-�s pulses, 1% duty cycle (- - - - Incident signal, Reflected signal).

Fig. 10. As Fig. 9 but with additional Manchester encoding (- - - - Incident signal, Reflected signal).

into the sidebands and so, the resulting apparent reflectivity per-

formance is degraded from that at 10 GHz.

Returning now to Fig. 7, if the PSS was being used to reduce

the apparent radar cross-section of an object, a possible counter-

measure might be to periodically change the receiver bandwidth

so as to detect the reflected spectral components at MHz.

An obvious method of avoiding this would be to increase the

PSS–switching frequency, , but if the PSS surface was electri-

cally large and was high enough, this might cause EMC prob-

lems or the PSS might even act as a beacon at . Careful de-

sign and layout of the PSS surface should avoid these problems,

but here, we look at a solution involving spectrum-spreading

techniques whereby the 8-MHz sidebands are broadened out

by switching the PSS reflection coefficient in a nonperiodic

manner. Because such cases are not easily amenable to analyt-

ical solution using the previous Fourier analysis technique, all

the results to be discussed from now on were obtained numeri-

cally using the FFT.

The sideband energy in the PSS-reflected signal may be

spread out by changing the PSS-switching frequency within
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Fig. 11. One-sided frequency spectrum of pulsed carrier signal incident on and reflected from PSS with regular bipolar switching at 16 MHz. f = 10 GHz, 1
�s pulses, 1% duty cycle (- - - - Incident signal, Reflected signal).

Fig. 12. One-sided frequency spectrum of pulsed carrier signal incident on and reflected from PSS with linear chirp from 8 to 16 MHz f = 10GHz, 1 �s pulses,
1% duty cycle (- - - - Incident signal, Reflected signal).

the period of one radar pulse. For example, Fig. 9, shows the

effect of switching using an 8-MHz bipolar waveform which

has been generated using a primitive polynomial (modulo

2), of order 4 [6]. The resulting sequence is

b long, to which has been added an additional 0 b so as to

equalize the number of ones and zeros (to ensure a zero dc

level and hence zero reflected energy at ) and to provide

the necessary 16 b (since the switching frequency of 8 MHz

is equivalent to 16 half-cycles within the 1- s radar pulse). A

further refinement is to then represent each 1 or 0 in the bit

sequence using Manchester encoding. This breaks up repeated

occurrences of ones or zeros in the sequence, thus smoothing

out the spectrum as well as increasing the effective switching

frequency to approximately 16 MHz. The benefits of including

this additional process may be seen by comparing the spectra

shown in Figs. 9 and 10. If the spectrum in Fig. 10 is now

compared with that obtained with regular bipolar switching at

16 MHz, as shown in Fig. 11, the superiority of the scheme

using 8-MHz switching with Manchester encoding is evident. A

second technique for spectrum spreading is to use a switching
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TABLE I
DEPENDENCE OF PSS REFLECTIVITY ON

SWITCHING WAVEFORM CHARACTERISTICS

waveform whose frequency is chirped during the duration of

the radar pulse. Fig. 12 shows the spectrum which results when

the PSS switching frequency is increased linearly from 8 MHz

to 16 MHz within the 1 s radar pulse period. As expected, the

spectral component at 8 MHz has now been spread out over the

frequency range from 8 to 16 MHz, but the energy remaining

within the receiver passband is still greater than in the cases of

either periodic switching at 16 MHz, or switching at 8 MHz

with a pseudo-random code.

A numerical comparison of the five switching schemes

discussed above is given in Table I, from which can be

seen the superiority of the Manchester-encoded primitive

polynomial approach. Although in practice, more optimum

switching strategies and higher switching frequencies would

be employed, clearly the PSS shows promise for modifying the

apparent real-time electromagnetic scattering characteristics of

an object.

The results discussed above are idealized since the start

and finish of the switching sequence and each radar pulse are

synchronized and also the same switching sequence is used

each time. Clearly, in practice, such synchronization cannot be

obtained and because the radar receiver will almost certainly

make use of pulse integration, it would be prudent to use

a different switching sequence against each pulse received

during the integration time so as to counter the possible use of

selective time gating. The obvious way to accommodate these

requirements is to use a very long switching sequence, but this

must have characteristics that are not necessarily similar to

those used for spread-spectrum communication systems. Most

importantly, the number of ones and zeros (corresponding to

the PSS reflection coefficient states of and ) in that

part of the sequence which occurs for the duration of a radar

pulse, whose starting and finishing times are not known a

priori, should be identical so as to ensure minimum signal

reflected from the PSS at . Although this condition may

often be almost met in a global sense, sequences generated

using primitive polynomials, for example, are seen to be far

from ideal when the local distribution of ones and zeros is

examined since at some locations in the sequence there will

be runs of repeated ones or zeros. Hence, the number of ones

and zeros when summed over the duration of one radar pulse

may differ considerably with a consequent degradation of the

PSS reflectivity. This is illustrated in the top curve of Fig. 13,

where the PSS is switched using a 16-b sequence which is

Fig. 13. Variation in PSS reflectivity as the 16-b switching sequence
contained within the width of a 1-�s radar pulse is chosen sequentially from an
overall switching sequence of 2048 b. Top curve = bipolar switching based
directly on the bit sequence generated by an 11th-order polynomial (modulo
2). Mean reflectivity value = �10:2 dB. Bottom curve = as top curve, but
when Manchester encoding is used. Mean reflectivity value = �35:1 dB.

chosen sequentially from a 2048-b sequence generated from

a primitive polynomial of order 11. The bottom curve shown

in Fig. 13 illustrates how the use of Manchester encoding can

improve the PSS reflectivity considerably. In this case, even

though the numbers of ones and zeros in the length of the

switching sequence contained within the time for one radar

pulse are now identical, the PSS reflectivity is not zero since

the calculation is being made over a 2-MHz receiver bandwidth

rather than just at . The required PSS-switching sequences

also differ from those used in spread-spectrum communication

systems in a second respect, namely that they should not

have good autocorrelation properties so as to guard against

sequence recovery, and hence, the application of electronic

counter measures in the receiver.

IV. CONCLUSION

In this paper, we have discussed the concept of the PSS, which

is an active technique for modifying the apparent real-time elec-

tromagnetic scattering characteristics of an object. In particular,

we have investigated the influence of switching frequency

and waveform characteristics on PSS performance against

pulsed incident signals and identified some desirable features

of switching waveform design. In practice, the behavior of real

PSS structures will differ somewhat from that of the idealized

continuous layers discussed above because of the presence

of periodic circuit elements, bias lines, and diode packages

which comprise the PSS; nevertheless our experimental work

to date broadly confirms the efficacy of the technique. The

discussion in this paper has been limited to the case of the

single-layer PSS; theoretical and experimental studies have

shown, however, that multilayer PSS have the additional ad-

vantage of frequency agility and the temporal and spectral

analysis of these systems will be reported elsewhere.
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