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I. INTRODUCTION 

A number of studies have developed thin and broadband ab-

sorbers that can be utilized for stealth applications and in the 

laboratory environment. Recent advancements in metamaterial 

research have opened up the possibility for metamaterial absorb-

ers [1–3]. However, the reported bandwidth of a metamaterial 

absorber remains far narrower than that of conventional Salis-

bury absorbers.  

Salisbury absorbers are some of the most representative mi-

crowave absorbers. The simplest design of Salisbury absorbers 

has a resistive sheet of 377 Ω/square placed at a distance of a 

quarter wavelength from a metallic plane [4, 5]. The bandwidth 

of the Salisbury screen is essentially limited by the frequency 

dependence of the sandwiched layer. A primitive way to en- 

hance the bandwidth in a Salisbury screen is simply by using 

more resistive sheets spaced at the same distance (λ/4) apart [6]. 

These original structures, consisting of purely resistive sheets, a 

dielectric slab, and a ground plane, are referred to as Jaumann 

absorbers. A systematic design method of Jaumann absorbers to 

enhance the bandwidth at the cost of a lowered absorption rate 

was investigated in [7]. 

Another popular method to widen the bandwidth is to intro-

duce frequency-selective or reactive surfaces, the effects of which 

are usually modeled by simple equivalent circuits. This type of 

structure is usually called a circuit analog absorber [8–18]. Cir-

cuit analog absorbers were also actively studied using equivalent 

circuits and optimizations usually combined with multiple-layer 

[8, 9] multiple-resonance [10–12], or mixed [18] techniques, 

resulting in a significant bandwidth extension [12] up to 128% 

based on 90% absorption criteria. Some features of these devel-
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opments are as follows. 

A multi-layered structure with loaded chip resistors was pro-

posed with an enhanced 99% absorption bandwidth of about 40 

% [9]. A thin and broadband radar absorber using a resistive 

treble-square frequency selective surface consisting of three 

square loops was investigated in [10]. Its relative absorption 

bandwidth was 92.2% at the frequency range of 10.7–29 GHz 

based on a 90% absorption rate. A triple-band planar absorber 

with a high-impedance surface was proposed with a theoretical 

derivation of a matching condition requiring varied resistance as 

a function of frequency [11]. The reported 90% absorption 

bandwidth is roughly 85% of the center frequency of 10 GHz, 

but it requires a mixture of different unit structures having dif-

ferent surface resistances per square. Using resistive trumpet-

shaped structures coated on an FR-4 substrate, the metamateri-

al-inspired absorber for a wideband operation was proposed at 

the X-band [13]. Its 90% absorption bandwidth was 66.7% at 

10.95 GHz. Clearly, by exploiting a large design space of multi-

layers and element patterns, the incident angle of absorption, 

and the bandwidth can be maximized [8]. 

However, multi-layer structures may not be preferred in some 

environments because of the limitations of the thickness and the 

difficulties in fabrication. Therefore, many efforts are still being 

made to enhance the bandwidth assuming a single-layer design 

[12, 14–17]. In [14], simple design equations for a wideband 

dipole-type absorber with complete absorption at a specific cen-

ter frequency were presented, and a design example of a chip-

resistor-loaded absorber was demonstrated. The chip-resistor-

loaded absorber was later reported in [15, 19] as well. By em-

ploying discrete components, the thickness of the absorber can 

be shorter than a quarter wavelength while maintaining a rela-

tively wide bandwidth. However, the issue of soldering many 

discrete components onto the circuit boards remains a drawback 

of this approach.  

Without requiring discrete components and using a resistive 

silver nanowire (AgNW) film, a wideband X-band absorber 

employing a cross-shaped structure was presented in [16]. Its 

reported 90% absorption bandwidth with complete absorption 

at the design frequency of 10 GHz was about 80%. In [17], a 

thin resistive and capacitive absorber, which was composed of 

resistive rectangular structures using an AgNW film, was ana-

lyzed and evaluated at 3 GHz. It had a wideband absorption 

characteristic despite its relatively thin layer (a 90% absorption 

bandwidth of 76% with a layer thickness of only λ/8 at 3 GHz). 

This work determines a systematic method to widen the 

bandwidth of single-layered, circuit analog absorbers without 

soldering discrete components. In most cases, whether one uses 

multi-layer structures or circuit analog absorbers, a trade-off 

exists between the bandwidth and the absorption at the center 

frequency. In other words, at the expense of a lowered absorp-

tion rate, the bandwidth can increase. Although this sounds 

intuitively correct and has been demonstrated for Jaumann ab-

sorbers [7], the design guideline for single-layered circuit analog 

absorbers to balance between the bandwidth and the absorption 

rate has not been studied yet. 

In this paper, we present simple, closed-form solutions for 

the design of single-layered wideband microwave absorbers with 

an arbitrary absorption rate at any design center frequency ω0. 

In Section II, the design equations are derived to maximize the 

flatness of reflection based on an equivalent circuit. Section III 

presents an easy guideline to finalize the dimensions of the used 

dipole structure without complicated optimization processes. In 

Section IV, a wideband microwave absorber at 10 GHz is de-

signed and fabricated using the AgNW resistive film. The theo-

retical bandwidth of the presented absorber is compared with 

the measured one. The conclusion is given in Section V. 

II. THEORY BASED ON AN EQUIVALENT CIRCUIT 

Fig. 1 shows the geometry of a typical microwave absorber 

using a reactive screen placed above a conducting plane [16, 17, 

20]. The length of the spacer l is usually a quarter wavelength 

[4]. To realize a reactive screen, this work chooses a dipole-type 

structure. Specifically, a crossed-dipole pattern is chosen to 

make the absorption characteristics almost insensitive to the 

polarizations of incident electromagnetic waves, as will be seen 

in Section IV. The terminal impedance of the reactive screen 

can then be modelled as a lumped-series RLC resonator, as 

shown in Fig. 2. To optimize the pattern to have wideband ab-

sorption, we first analytically find the representative circuit val-

ues that should result in the maximum flatness of the reflection  
 

 
Fig. 1. Geometry of the wideband absorber with a reactive Salis-

bury screen. 
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Fig. 2. Equivalent circuit of Fig. 1. 

 

and wide bandwidth in this section. Based on the RLC values 

obtained from this section, the exact dimension of the pattern 

structure will be determined through electromagnetic (EM) 

simulations in Section III. 

 

1. Circuit Modelling of the Reactive Screen 

Fig. 2 shows the equivalent circuit composed of a series reso-

nant circuit representing the reactive screen in the shunt branch 

and a quarter-wavelength transmission line that is terminated 

short. In Fig. 2, ƞ0 (=377 Ω) and ƞ1 are the intrinsic impedances 

of free space and the spacer, respectively, and Z0 is the imped-

ance of the resonant circuit consisting of R0, L0, and C0. With a 

quarter-wavelength spacer l, the electrical length βl is π/2 at the 

design center frequency ω0. L0 and C0 are chosen to resonate at 

the design center frequency ω0 in this work. 

The input admittance Yin at the front of the screen is 
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where 0 0 0 0/L L C   is the reactance slope parameter of the 

series resonant circuit. The reflection coefficient Г and the ab-

sorption rate A are given as 
 

   
 

0

0

1

1
in

in

Y

Y

 


 


 


                   
(2)

 

 

and 
 

    2
1 .A                        (3) 

 

The idea of a traditional, purely resistive Salisbury screen is to 

use Z0 = ƞ0 = 377 Ω, and thus match Yin(ω) = 1/ƞ0 at the design 

center frequency ω = ω0. This results in perfect absorption A(ω0) 

= A0 = 1 at the center frequency, but the bandwidth is relatively 

narrow. 

2. Design Choices for Maximum Flatness 

 

2.1 Match factor  

[7] suggests that the bandwidth can be increased further by 

introducing a slight mismatch at the center frequency. To quan-

tify this effect, we introduce a match factor m given by 
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The absorption A0 at the center frequency now deviates from 

unity as 
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For a specifically desired absorption A0, the match factor m 
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When the required absorption A0 is unity, we have m1 = m2 = 

1. However, when a slight mismatch is introduced, we have two 

options to determine R0; m1 < 1 and m2 > 1. 

 

2.2 Choice of L0 and C0 for maximum flatness 

L0 and C0 can be determined to enhance the bandwidth. 

Reminiscent of how the Butterworth filter has a maximum flat 

response [21], the bandwidth can be widened by enforcing 
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for as large an n as possible. Intuitively, if (8) is satisfied for eve-

ry non-negative integer n, Г is simply zero for an infinite band-

width. In this work, we have only one independent energy stor-

age element L0. Once L0 is determined, C0 is determined ac-

cordingly to resonate with L0 at the design center frequency ω0. 

With one independent energy storage element, the number of 

derivatives that can be set to zero in (8) is at most one in general. 

The condition of 
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Moreover, if (9) is satisfied, as |Г(ω)| must be close to zero in 
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any practical absorber design, the second derivative in (8) will 

automatically be largely satisfied (refer to the Appendix for the 

derivation). This assures the design to have the maximum flat-

ness of the response with a limited number of independent ener-

gy storage elements. 

Certainly, the maximum flatness of the reflection at the de-

sign center frequency does not necessarily imply maximum 

bandwidth for arbitrary criteria, such as 99% or 90%. Intuitively, 

the maximum flatness condition is more similar to the maxi-

mum bandwidth condition for wideband absorption, such as 99  

% bandwidth, than that to low ones. Nevertheless, regardless of 

specific bandwidth criteria, this is a good starting point before 

further optimization. Therefore, for wideband absorption, we 

first look for the values of L0 and C0 that yield maximum flat-

ness, satisfying (9). 

Eq. (9) implies that the derivative of both the input conduct-

ance Gin and the input susceptance Bin should be zero at ω = ω0. 

From the expression in (1), the derivative of the input conduct-

ance Gin is zero at ω = ω0. Therefore, the requirements for L0 

and C0 are obtained from the condition  

0

indB

d  


 

= 0. 

The derivative of Bin is given by 
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Equating (10) to zero at ω = ω0 yields L0 and C0 as 
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the values of which are determined according to a desired match 

factor m. 
 

2.3 Choice of match factor 

 To investigate which match factor among m1 and m2 is a 

better choice, the circuit simulation of Bin in Fig. 2 is run, and 

the results are compared. 

When A0 = 0.9 for example, the match factor can either be 

m1 = 0.5195 or m2 = 1.925. For each case, we have an (R0, ω0L0) 

of (196 Ω, 80 Ω) and (725.2 Ω, 1,096.4 Ω), respectively. Fig. 3 

shows the susceptances of the reactive screen B0, short-

terminated quarter-wavelength transmission line B1, and their 

sum Bin for these two cases. Clearly, for both cases, the suscep-

tance and its slope are zero at the design center frequency, as 

expected. 

Conversely, the choice of m1 in Fig. 3(a) leads to a wider res-

onant bandwidth than the choice of m2 in Fig. 3(b). The reason 

is that the two zero-derivatives of B0 are farther apart with m1 

than with m2. For example, in Fig. 3, the distance between the 

two zero-derivatives of B0 is about 1.5ω0 (= 1.9ω0 – 0.4ω0) for 

m1, which is much greater than 0.45ω0 (= 1.3ω0 – 0.85ω0) for 

m2. From (10), it is straightforward to show that this holds gen-

erally true for any choice of absorption A0; i.e., the zero- 

 

 
(a) 

 

 
(b) 

Fig. 3. Choice of match factor. Susceptances of the reactive screen 

B0, short-terminated quarter-wavelength transmission line 

B1, and their sum Bin = B0 + B1 when A0 = 0.9 as a function 

of normalized frequency for the cases of (a) m1 = 0.5195 

and (b) m2 = 1.925. 
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derivatives of B0 are split farther apart for smaller match factors. 

The wide resonant bandwidth of Bin naturally broadens the ab-

sorption bandwidth. Therefore, in this work, the smaller match 

factor m1 of (6) is chosen to determine R0, L0, and C0 in an ef-

fort to enhance the absorption bandwidth. 

 

3. Final Design Adjustment through Circuit Simulation 

We now evaluate the effect of the maximum flatness design 

on the absorption bandwidth. Fig. 4(a)–(b) show the input im-

pedance and absorption as a function of the normalized fre-

quency obtained from the Agilent ADS circuit simulation in 

Fig. 2. The results of the purely resistive Salisbury screen and 

those of the proposed reactive Salisbury screens with A0 = 1 and 

0.9 are compared. For simplicity, the relative permittivity of the 

spacer layer is assumed to be unity. The used circuit compo-

nents (R0, ω0L0) of the resistive Salisbury screen, the reactive 

one with A0 = 1, and the reactive one with A0 = 0.9 are (377 Ω, 

0 Ω), (377 Ω, 296 Ω), and (196 Ω, 80 Ω), respectively. 

In Fig. 4(a), the reactance of the reactive absorbers is zero 

over a wide bandwidth region near the design center frequency. 

This property, which the purely resistive Salisbury screen does 

not possess, endows the absorber with a much wider bandwidth, 

as shown in Fig. 4(b). Furthermore, a wider flatness both in the 

resistance and the reactance near the design frequency is ob-

served when sacrificing absorption at the center frequency from 

A0 = 1 to A0 = 0.9, as shown in Fig. 4(a). As a result, when A0 = 

0.9, the 90% absorption bandwidth reaches up to 119% from 

0.35ω0 to 1.54ω0 (Fig. 4(b)). 

If necessary, the adjustments for L0 and C0 can be made to 

further enhance the bandwidth according to specific bandwidth 

criteria. For example, let us assume that we are interested in 

maximizing the 90% absorption bandwidth. In Fig. 4(b), the 

maximum flatness design of A0 = 0.9 suffers asymmetry around 

the design center frequency ω0. This scenario is better visualized 

using the Smith chart in Fig. 4(c). The reflection coefficient Г 

of the maximum flatness design quickly moves to the short im-

pedance above the design center frequency. This results in the 

absorption bandwidth being considerably narrow in the upper 

range, ω0–1.54ω0, compared with 0.35ω0–ω0 in the lower range. 

An effective way to increase the upper bandwidth is to slight-

ly increase the inductive reactance ω0L0, creating an additional 

resonant frequency beyond the design center frequency, as 

shown in the solid curve in Fig. 4(c). The appearance of an ad-

ditional resonant frequency is not a coincidence. The maximum 

flatness design places multiple roots of the resonance at the de-

sign center frequency ω0 because Bin(ω0) =  
0

in
d

d
B

 



= 0. 

Therefore, a slight change in parameters from the maximum 

flatness necessarily results in split resonances. Certainly, this 

split can further increase the bandwidth. For example, the in-

ductive reactance ω0L0 is chosen to be 120 Ω to further increase 

the 90% absorption bandwidth up to 124% (Fig. 5). The capaci-

tance C0 is again determined accordingly by 0 0 01/ LC  . The 

circuit parameters and the resultant 90% absorption bandwidth 

  

(a) (b) (c) 

Fig. 4. (a) Input impedances and (b) absorption of the air-spaced absorber as a function of normalized frequency. The (R0, ω0L0) for each 

absorber are as follows: resistive Salisbury (377 Ω, 0 Ω), maximum flatness with A0 = 1: (377 Ω, 296 Ω), maximum flatness with A0 

= 0.9 (196 Ω, 80 Ω), and final adjustment for 90% criteria (196 Ω, 120 Ω). (c) The Smith chart showing the reflection coefficients 

of each design. All of the traces rotate clockwise with the frequency. The markers on the traces represent the frequencies of 0.6ω0, 

ω0, and 1.4ω0 in order. 
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Fig. 5. Absorption bandwidth with varying inductive reactance 

ω0L0. The 90% bandwidth is 119%, 123%, 124%, and 123% 

when ω0L0 is 80 Ω, 100 Ω, 120 Ω, and 140 Ω, respectively. 

 

are presented in Table 1. 

Let us summarize the method of obtaining the required cir-

cuit components representing the reactive screen. If a specific A0 

is desired at ω0, the match factor m1 < 1 is obtained using (6). 

Then R0, L0, and C0 are first determined to maximize the flat-

ness of the reflection at the design center frequency following 

(4), (11), and (12). The maximum flatness essentially widens the 

bandwidth of the absorption. To increase the bandwidth specif-

ically for certain criteria, L0 and C0 can be tuned to maximize 

the bandwidth through circuit simulation while maintaining 

0 0 01/ LC  . 

III. CROSSED-DIPOLE STRUCTURE TO SYNTHESIZE 

THE CIRCUIT PARAMETERS 

The design procedures explained in Section II are scalable to 

any frequency in general. In this work, we build an absorber 

around the center frequency of 10 GHz. 

We physically realize the circuit parameters obtained in Sec-

tion II with the crossed-dipole structure. In Fig. 6(a), a is the 

side length of the absorber square unit, w and h are the width 

and height of the crossed-dipole made of a resistive film, respec-

tively, Rs is the resistance per square of the film material, and g 

is the gap distance. 

 
(a)              (b) 

Fig. 6. Electromagnetic simulation setup to evaluate terminal im-

pedance (a) and absorption (b). 

 

The terminal impedance on the resistive film is a function of 

the structure dimension. Clearly, the series circuit components 

R0, L0, and C0 of the unit cell are monotonous functions of 

Rsh/w, h/w, and w/g, respectively. Therefore, finding a dimen-

sion to synthesize the required circuit components requires only 

a few iterations of electromagnetic simulations. In other words, 

by separating the work of optimization and realization each 

done by the circuit and electromagnetic simulations, the design 

process of the structure is less expensive in terms of computation 

than other optimization approaches, which heavily rely on elec-

tromagnetic simulations [13, 19, 20]. 

To evaluate the terminal impedance, a two-port simulation is 

run in Ansys HFSS with de-embedding of the effect of finite 

distances between the ports and the film, as shown in Fig. 6(a). 

Through this simulation, the dimensions of the unit structure 

that realize the required circuits values in Table 1 are found and 

tabulated in the same table. 

The simulated absorption using HFSS is also straightforward, 

as shown in Fig. 6(b). A perfect electric conductor is placed at a 

quarter-wavelength distance behind the pattern. For example, 

when an air medium is used as a spacer, the absorption of the 

crossed-dipole structures in Table 1 is simulated in HFSS and 

compared with those of the corresponding circuits in Fig. 7. As 

the terminal impedance is well synthesized by the pattern struc-

ture (although not included in this work), the absorption of the  

Table 1. Circuit parameters and their 90% absorption bandwidths from circuit simulation 

A0 R0 (Ω) ω0L0 (Ω) BW (%) Remarks Rs (Ω/□) a (mm) w (mm) h (mm)

1 377 296 89 Maximum flatness 30 10 0.8 9.8

0.99 308 198 105 Maximum flatness 30 8.7 0.8 8.6

0.9 196 80 119 Maximum flatness 50 8.5 2.2 8.4

0.9 196 120 124 L, C adjusted for 90% BW criteria 40 8.6 1.7 8.5

The dimensions of the crossed-dipole structure are also shown.
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Fig. 7. Absorption of air-spaced maximum flatness design: circuit 

(dashed line) and electromagnetic (solid line) simulations. 

 

Table 2. Bandwidth and thickness comparison of the reported sin-

gle-layer absorber structures 

Ref. 
Bandwidth 

(%) 

Thickness 

(λ0) 
Unit cell 

[12] 98.4 0.25 Resistive square patch

[22] 81.7 0.13 Hexagonal with resistors

[15] 70.7 0.12 Crossed-dipole with resistors

[16] 80 0.25 Crossed-shaped resistive film

[17] 76 0.125 Square-shaped resistive film

[20] 117 0.2 Hexagonal with film surface

[19] 105 0.128 Dipole antenna with resistors

This work 124 0.25 Crossed-dipole resistive film

 

maximum flatness designs from HFSS successfully reproduces 

the circuit behaviors. 

Additionally, a comparison between the absorber proposed 

here and those reported in the literatures is presented in Table 2. 

Our design methodology based on the maximum flatness of the 

equivalent circuit design is mathematically straightforward and 

requires neither many iterative electromagnetic simulations nor 

the soldering of external components. Nevertheless, it provides 

quality performance in terms of the bandwidth compared with 

other published works. 

IV. FABRICATION AND MEASUREMENT 

For the purpose of demonstration, the crossed-dipole absorb-

er with the required absorption of A0 = 1 at the design center 

frequency of 10 GHz is fabricated and measured. 
 

1. Design and Simulation 

The AgNW film with 30 Ω/square is used for a resistive 

sheet. AgNWs are chosen for fabrication because their sheet 

resistance can be easily controlled by adjusting the concentration 

of the AgNW solution [23]. Fig. 8 shows the geometry of the 

unit cell for the fabricated absorber. Owing to the difficulty of 

applying and laser-cutting the film directly on to a Styrofoam 

spacer with εr = 1.03, we first attached the film on an acrylic 

layer with εr = 2.56, which was later mounted on the Styrofoam 

layer. The acrylic layer with a thickness l1 of 1.5 mm was used. 

The thickness of the Styrofoam l2 was determined to be 4 mm 

to ensure a zero susceptance of Y1 at 10 GHz. Based on the 

same condition, the effective permittivity εeff and the intrinsic 

impedance ƞ1 of an effective single-layer spacer were 1.86 and 

276.5 Ω, respectively. 

With m = 1, ƞ0 = 377 Ω, and ƞ1 = 276.5 Ω, the circuit values 

for the maximum flatness were (R0, L0, C0) = (377 Ω, 6.42 nH, 

39.5 fF). The fine adjustments of L0 and C0 for further band-

width enhancement were omitted in this fabrication example. 

After all, the dimensions of the unit structure to realize the 

above circuit values were determined through electromagnetic 

simulations and are summarized in Table 3. 

The input impedance Zin of the structure in Table 3 was first 

simulated using HFSS in Fig. 9(a) and then compared with the 

 

 
Fig. 8. Geometry of a unit structure for the fabricated absorber 

employing a crossed-dipole structure. 

 

Table 3. Dimensions of the fabricated unit structure 

Parameter Value

Rs (Ω/□) 30

a (mm) 10.8 (0.36λ0)

l1 (mm) 1.5 (0.05λ0)

l2 (mm) 4 (0.13λ0)

w (mm) 1 (0.03λ0)

h (mm) 10 (0.33λ0)
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(a) 

 

 
(b) 

Fig. 9. (a) Input impedance and (b) absorption of a unit of the reac-

tive screen employing a crossed-dipole structure when A0 = 

1 (solid lines). They synthesize the circuits with a maxi-

mum flatness impedance (R0, L0, C0) = (377 Ω, 6.42 nH, 

39.5 fF) (dashed lines). 

 

 
Fig. 10. Absorptions of the proposed absorber depending on polari-

zation angles. 

 

input impedance of the circuits in Fig. 2 with (R0, L0, C0) = 

(377 Ω, 6.42 nH, 39.5 fF) for the maximum flatness. The 

crossed-dipole structure realized the impedances for the maxi-

mum flatness across a wide frequency range. Therefore, the ab-

sorption of the crossed-dipole structure was also in good agree-

ment with that of the circuit in Fig. 9(b), showing the wide 

bandwidth. The EM-simulated 99% and 90% absorption 

bandwidths were about 42.7% and 78.1%, respectively. 

We also considered a normal incidence case with different 

polarization angles ϕ. Fig. 10 shows the electromagnetically 

simulated absorptions depending on the polarization angles of 

the normally incident electric fields from 0° to 45°. The polari-

zation angle exhibited negligible effects on the absorption due 

to the employed crossed-dipole structure. For the degradation 

effects with oblique TE and TM incidence cases, we can apply 

similar techniques given in [8], but these are not included in this 

work. 

 

2. Fabrication and Measurement 

Fig. 11(a) shows the photograph of the fabricated absorber, 

which was made of the AgNW resistive film, acryl, Styrofoam, 

and conducting plane. The absorber consisted of 25 × 17 units, 

and the overall size was 270.5 mm × 183.9 mm × 4.5 mm. 

The experimental setup is illustrated in Fig. 11(b). The absorp-

tion was measured by the horn antenna of Model 3117 (1–18 

GHz) produced by ETS Lindgren Inc. 

Fig. 12 shows the circuit simulation, the EM simulation, and 

the measurement of the absorption of the proposed screen with 

a design center frequency of 10 GHz. The measured absorption 

 

(a) 
 

(b) 

Fig. 11. Photograph of (a) the fabricated proposed reactive screen 

realized on an acrylic layer and (b) the experimental setup. 

The inset of (a) shows the closed view of the crossed-dipole 

structure. 
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Fig. 12. Absorption of the proposed absorber. 

 

was obtained by estimating |S11|2 on the absorber plane based 

on the reflection coefficient measured by the horn antenna. In 

the measurement, only the reflection on the absorber plane was 

considered, not the horn antenna itself. To calibrate the self-

reflection of the horn antenna, the horn antenna in free space is 

used as the match load in the calibration process instead of the 

typical 50 Ω load. In addition, the reflection coefficient in front 

of the reversed absorber with the same size as the absorber is 

used as the reference to compensate for the energy leakage 

through the space. A more detailed measurement method using 

a single antenna can be referenced in [13]. For example, the 90% 

absorption bandwidths of each one are 75.7%, 78.1%, and 

66.4%, respectively. The difference between the simulation and 

the measurement could be attributed to the non-uniformity of 

the resistivity in the AgNW film and the limited size of the 

absorber in the measurement.  

V. CONCLUSION 

Based on the requirements of a maximum flat reflection at a 

design center frequency, a simple closed-form design solution of 

a reactive Salisbury screen has been derived. Having maximum 

flatness widens the bandwidth. For example, for the desired 

absorptions of 100%, 99%, and 90% at a design center frequency, 

the 90% bandwidths can be widened to 89%, 105%, and 119%, 

respectively, from 74% for a traditional Salisbury screen. Fur-

thermore, to maximize the bandwidth with specific criteria, 

further numerical optimization can be made by tuning the cir-

cuit parameters, starting from the maximum flatness condition. 

For fabrication and measurement, an absorber with a design 

center frequency of 10 GHz was designed and fabricated using 

the AgNW resistive film with a surface resistance of 30 

Ω/square. The measured absorption showed a good agreement 

with the simulation results, validating the effectiveness of the 

proposed design procedures. 
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APPENDIX 

For the maximum flatness of |Г(ω)|2 at ω = ω0, we require 
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where Г(ω0) = GГ(ω0) + jBГ(ω0), and the parameter ω0 is omit-

ted for simplicity of the expression. Note that if we have both 

Г(ω0) = 0 and Г′(ω0) = 0, then (A1) and (A2) are satisfied. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

To satisfy Г′(ω0) = 0, from (2), we have 
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Therefore, the choice of L0 and C0 to make  indY

d




= 0 al-

ready helps to flatten the response by obtaining a value of zero 

for (A1). To further increase the flatness, we require (A2) to be 

satisfied. Technically, (A2) is not satisfied with Г′(ω0) = 0 alone. 

However, as |Г(ω0)| is close to zero in any practical absorber 

design, (A2) is almost satisfied in practice. 

Therefore, we conclude that the choice of L0 and C0 to make 
 indY

d




= 0 mostly satisfies both (A1) and (A2), thus maximiz-

ing the flatness of |Г(ω0)|2 at ω = ω0. 
 


