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ae3 t 2 ABSTRACT This paper investigates on the theorization, design, fabrication and measurement of original
> phase shifter (PS) operating with two-step stair phase behavior. The innovative stair PS is designed with
3 unfamiliar stop-band (SB) negative group delay (NGD) passive circuit. The elementary unfamiliar SB-NGD
+  topology constituted by resistive, inductive, and capacitive lumped network is described. Acting as an RF
5 and microwave circuit, the S-matrix model is expressed in function the RLC-network parameters. Thus, the
¢ canonical form of unfamiliar SB-NGD transfer function (TF) represented by the transmission coefficient is
7 established. The unfamiliar SB-NGD circuit equations in terms of the NGD parameters are formulated. The
s established theory is validated comparing the calculated, simulated, and measured S-parameters and group
9 delays (GDs). Results with a very good agreement showing unfamiliar SB-NGD behavior are observed
0 around the central frequency 2.45 GHz and bandwidth of 100 MHz. An innovative application of unfamiliar
1 SB-NGD function for the communication system front-end is developed. The developed application concept
12 of unfamiliar SB-NGD circuit is illustrated by designing a microwave device operating as a PS presenting
13 atwo-step stair response completely original behavior. The basic theory, design and implementation of the
14 two-step stair PS concept are introduced. To validate the two-step stair PS principle, a proof of concept (PoC)
15 is designed based distributed element based inductive and capacitive microstrip elements. The simulated
16 and measured results of the PS PoC are in good agreement. The experimental results confirm the feasibility
17 of two-step stair PS with phase jumping from —70°£4° (from 2 GHz to 2.3 GHz) to —104°+2° (from
18 2.6 GHz to 3.0 GHz). The investigated unfamiliar SB-NGD function-based stair PS is promising for future
v development 5G and 6G communication system.

2 ¢ INDEX TERMS Circuit theory, innovative concept, design method, microwave circuit, passive topology, S-
2 parameter model, stop-band (SB) negative group delay (NGD), SB-NGD application, stair phase shifter (PS).

» L. INTRODUCTION the expected users demand, innovative design of front-end
»» The massive deployment of 5G technology constitutes a RF and microwave circuit ensuring accurate performance
2+ bridging step of future wireless communication. To meet of radiation pattern is necessary [1]. This radiation perfor-
mance is essentially ensured with improvement of beam-

The associate editor coordinating the review of this manuscript and steering antenna array design [2]-[4]. Different antenna
approving it for publication was Venkata Rajesh Pamula . array topologies as adaptive [2] and coupled phased looped
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array [3] have been proposed. But these topologies need
to be improved to suppress the RF impairment in massive
antenna arrays [4]. To increase the compactness and linearity,
an innovative topology of metamaterial-based array antenna
was proposed [5], [6]. Such antenna arrays operate with linear
metamaterial-based phase shifters [7].

The elaboration of negative refractive index (NRI) aspect
of metamaterial was an inspiration for the emerging RF and
microwave function operating with bandpass (BP) negative
group delay (NGD) [8], [9]. The NRI structures are also
known to operate with negative group velocity (NGV) effect.
The metamaterial BP-NGD circuits were implemented with
significantly lossy periodical cells [8], [9]. Therefore, RF and
microwave engineers wondered curiously on the existence
of BP-NGD circuit application. To answer, tentative applica-
tions were suggested [10]-[24]. The BP-NGD function was
introduced for adaptative aspect in a microwave signal pro-
cessing building block [10]. Then, the NGD circuit was also
proposed for the compensation of microwave devices [11].

However, the natural NGD application is the group delay
(GD) equalization [12]-[14], which was proposed for the
microwave signal RC-network based interconnects [12], [13]
and also the BP filter GD rabbit ear reduction [14]. So far, the
most developed application of unfamiliar BP-NGD function
concerns the design of RF and microwave phase shifters
(PSs) [15]-[24]. The NGD PS was, recently, exploited to
develop innovative topologies of antenna array operating
with squint-free beamforming [15]—-[21]. This type of NGD
antenna array application is fundamentally implemented
with non-Foster elements using BP-NGD networks [17],
[20], [21]. Another type of innovative application was the
design of broadband PS using BP-NGD function operating
independently to the frequency [22]-[24].

Further innovative work inspired from this BP-NGD PS
will be developed in the present paper. But before this point,
it would be interesting to investigate more on the unfa-
miliar NGD function. Recent investigations from research
teams [25]-[32] confirm the diversity of BP-NGD topologies.
The BP-NGD effect was verified with absorptive filter [25]
and interference techniques [26]. A topology of BP-NGD
active circuit was implemented by using microwave transver-
sal filter approach [27]. The complexity leads some research
works on the design of compact microwave passive cir-
cuits [28], [29]. More extensive microwave function aspect as
the dual-band BP-NGD behavior was developed in [30]-[33].
The dual-band NGD functions were also implemented with
compact circuits [31], [32] and with multi-coupled lines [33].

Despite the progressive state of the art on the BP-NGD
circuit design, due to its unfamiliarity, curious questions
are still raised by RF and microwave design engineers
about the interpretation of the NGD effect. For a deep
illustration, an analogy between the filter theory and the
NGD function theory was addressed in [34]. Unlike the
filter, the NGD function focuses mainly on the negative
sign associated to the GD response and not to the magni-
tude response [34]-[36]. Different types of NGD function

2

TABLE 1. State-of-the-art on the different types of NGD circuits.

References Type Passive/Active
[13,34] LP-NGD Active circuit

[35-36] LP-NGD Passive circuit

[8-9,14, 20,25-26,28-29] BP-NGD Passive circuit
[10-11,13,21,27] BP-NGD Active circuit
[36-38] HP-NGD Passive circuit

[30-33] Dualﬁérll:()i BP- Passive circuit

[39-40] SB-NGD Passive circuit

are initiated and identified [35]-[40]. The concept of low-
pass (LP) NGD function was proposed in [35]. The BP-
NGD [8]-[14], [20]-[29], high-pass (HP) NGD [36]-[38]
and stop-band (SB) NGD [39], [40] RF passive circuits trans-
formed from low-pass (LP) NGD cell are introduced.

Table 1 addresses an overview on the state-of-the-art about
the existing different types of NGD function which can
be implemented either with passive or active circuits. It is
important to note the dual-band NGD circuits as proposed
in [30]-[33] are completely and ideally different to the type
of SB-NGD circuits.

So far most of available research work on the design of
NGD circuits can be described as follows:

o The simplest topologies are designed as LP-NGD
type function [13], [34]-[36]. For this type, the group
delay (GD) is negative from DC to certain higher fre-
quencies.

o The BP-NGD type function containing lower and upper
NGD cut-off frequencies are mainly designed for RF and
microwave circuits [15]-[34].

e« By means of LP- to HP-NGD circuit transform,
circuit theory showing few research works was per-
formed are available about the design of HP-NGD
function [36]—[38].

o Then, very recent studies revealed the design feasibility
of the most innovative types of NGD circuits which are
classified as SB-NGD function [39], [40]. And deep
investigation can be made for this last type of NGD
circuit in order to develop some potential applications.

For this reason, the present paper investigates this SB-NGD
function and introduces one of its original application for
the design of stair phase microwave circuit. The paper is
organized in six sections as follows:

o Section II is focused on the unfamiliar SB-NGD topo-
logical description. The theoretical approach permitting
the SB-NGD topological identification will be intro-
duced.

« Section III develops the S-matrix model of the identified
SB-NGD passive cell. The analytical model in function
of the RLC-network parameters constituting the unfa-
miliar SB-NGD cell will be established. The analytical
investigation will be followed by the elaboration of the
SB-NGD transfer function (TF) canonical form.
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svn(]|—(Ports)

FIGURE 1. Two-port black box of the SB-NGD function.

o In Section IV, the SB-NGD analysis will be developed.
Then, the synthesis design equation of circuit in function
of the unfamiliar SB-NGD specifications will be formu-
lated.

o Section V is dedicated to the discussion on the unfa-
miliar SB-NGD function validation results. Comparison
between calculated and simulated results of a proof of
concept (PoC) will be discussed.

o Section VI is the investigation on the design of stair PS
prototype by using the unfamiliar SB-NGD circuit. The
design principle of stair PS will be explained. An exper-
imental validation example with a stair unfamiliar PS
prototype will be treated.

« Section VII is reserved to the conclusion of the paper.

Il. THEORETICAL INVESTIGATION ON UNFAMILIAR
SB-NGD CIRCUIT UNDER CONSIDERATION

This section describes the SB-NGD theory. The main spec-
ifications of unfamiliar SB-NGD function are defined. The
identification approach of the passive topology based on
RLC-lumped circuit will be investigated.

A. ANALYTICAL DEFINITION OF SB-NGD FUNCTION

Few research work and studies [39], [40] were made so far on
the unfamiliar SB-NGD function. Despite the exiting results
available in the literature, the existence of this innovative
electronic function remains an open question for most of RF
and microwave design, fabrication and test engineers. The
present paragraph defines analytically the interpretation of
the SB-NGD function. We suppose that the two-port black
box microwave symmetric and passive system introduced in
Fig. 1 is represented analytically by the S-matrix:

S11(s)  S21(5)
So108)  Stils) |°

with s = w is the Laplace variable expressed in function of
angular frequency w = 2nf.

We remind that the magnitude of the reflection and trans-
mission coefficients are given by, respectively:

Sii(w) = IS11(w)| @
S21(w) = [S21(jw)| - 3

To realize the SB-NGD analysis, the following frequency
domain responses are essentially needed:

[Snp(8)] = [ (D

o the phase of the transmission coefficient which is
defined by:

p(w) = arg [S21(jw)] “

VOLUME 9, 2021
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FIGURE 2. (a) GD and (b) transmission coefficient responses of SB-NGD
function.

« the frequency dependent GD response which is defined
by:
dp(w)

GD(w) = — 9%

&)

This system is an NGD function if we can find an angular
frequency, w,, where:

GD(wy) < 0. (6)

One of specific types associated to NGD function is the
SB-NGD concept. The ideal response of SB-NGD function
can be represented by Fig. 2(a) by taking:

o The cut-off angular frequencies, @ and w», as roots of
equation:

GD(w) = 0 = GD(w) 2) = 0. 7

o The transmission coefficient ideal response is repre-
sented in Fig. 2(b) by:

SoinGp(w1 < w <wp) = 1. (8)

In Fig. 2(a) and Fig. 2(b):
« the notation BWygp, is used to denote the lower band-
width,
o and BWygp,, for higher bandwidth.
Because of its counterintuitive originality, most of non-
specialist electronic and RF/microwave engineers confuse the
filter and NGD functions. To avoid the misinterpretation, the
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following subsection describes the differences between these
two electronic functions.

B. SPECIFIC DIFFERENCES BETWEEN SB FILTER AND
SB-NGD FUNCTION

The present analytical illustration is based on the consider-
ation of the frequency dependent parameters associated to
filter and NGD functions:

o reflection coefficient
S1inep(f),
o transmission coefficient magnitudes, Szifyer(f) and

S218GD(f)s
e and, GDs GDyijrer (f) and GDnGp(f).
The lower and upper cut-off frequencies in the considered
frequency bands are denoted, respectively:

magnitudes, Siyfiner(f) and

h=2
1=
o ©)
fz—g

with f1 < f>. Thus, the comparison of the SB-NGD and filter
behaviors and the associated specification can be made within
the frequency band operation bandwidth fe [f1, f2]. In brief,
the main difference between the classical “‘stop-band” fil-
ter and the “dual-band” NGD filter are based on which
parameter is used to describe it. The classical filter uses the
magnitude response of the transmission parameter, |S>1(f)|,
while, for instance, in the “stop-band NGD function”, it is
defined by the NGD frequency band where the group delay
meets the condition GD(f) < 0 [34]. Different parameters
related to the maximum GD of the filter and the maximum
attenuation of NGD must be considered to characterize the
functions.

To illustrate the identification of SB NGD topology, a gen-
eral analytical approach will be elaborated in the following
subsection.

C. IDENTIFICATION APPROACH OF SB-NGD TOPOLOGY
The identification approach of SB-NGD topology can be
made by the analogy with the filter [34]. Substantially,
we have identified the SB-NGD passive circuit from the low-
pass (LP) NGD cell based on L-inductance. The elaboration
of SB-NGD cell can be made from the equivalent impedance
given by:

Z4(s) = Ls. (10)

as the reactive element. As reported in [35] and [36], the
passive cell constituted by an RL-series network mounted in
parallel behaves as a LP-NGD first-order circuit presented in
Fig. 3.

We can identify from this LP-NGD cell, the SB-NGD
family by substituting the inductance L by an LC-parallel
network. It yields the two-port circuit represented by the
SB-NGD topology shown in Fig. 4. It acts as a second order
circuit.

4

FIGURE 3. LP-NGD cell.

FIGURE 4. SB-NGD cell inspired in the family of the LP-NGD cell shown in
Fig. 3.

For this case, the equivalent impedance is given by:
Ls
1+ LCs?

To analyze the identified SB-NGD cell, the S-matrix model
is elaborated in the following section.

Zy(s) = (In

Ill. S-MATRIX MODEL AND TRANSFER FUNCTION (TF)
CANONICAL FORM OF THE SB-NGD TOPOLOGY
Similar to classical RF and microwave circuits, the theo-
retical analysis of the unfamiliar SB-NGD circuit will be
based on the equivalent S-matrix model. Then, the SB-NGD
canonical form will be established before the design equation
formulation.

The S-matrix modelling of the SB-NGD topology under
study will be described in the following paragraph.

A. S-MATRIX MODEL OF THE SB-NGD TOPOLOGY

Let us take the terminal reference impedance, Ry = 50 2.
We can demonstrate analytically that the impedance matrix
of the SB-NGD topology shown in Fig. 3 is written as:

R+ Zp(s)
R+Zy(s) |’

R+ Zp(s)

R+ Zy(s) (12)

[Z(9)] = [

According to the circuit and system theory, the associated
S-matrix, introduced in equation (1), can be calculated from

Z-to-S transform:
Ro O
(1zon- 0 2 ]) =

-1
([Z(sn ¥ [’f)o 180 D

[Snep(s)] = (13)
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Therefore, we establish the reflection and transmission coef-
ficients, respectively, as:

—Ro(1 + LCs?)
2R 4 Ry + 2Ls + LC(2R + Rg)s?
2(R + Ls + RLCs?)
2R + Ry + 2Ls + LC(2R + Rp)s?’

The corresponding SB-NGD analysis is mainly focused on
the last expression as described in the next paragraph.

S11(8) = Sn(s)= (14)

$21(8) = S12(8) = 15)

B. CANONICAL FORM OF SB-NGD TF
The TF associated to the SB-NGD topology is generally
represented by the transmission coefficient:

T(s) = $21(s).

Let us denote the center angular frequency of the positive
GD (PGD) as:

(16)

wo = 27fy a7

where:
T (0 = wo) = [521(0)| y=ey = 1. (18)

Then, we denote also the following NGD key parameters,
GD value and the transmission coefficient, respectively:

7, = GD(wp)
T, = |$21(w)l,—g = S21(w = 0).

19)
(20)

With the real positive parameter, 7, < 1, the SB-NGD TF
canonical form can be expressed as:

Tn(s2 + wgs + a)g)

T(s) = 5 5 21
s° + wps + g
where:
2(1 —
v, = 24— Tn) 22)
Tyt
- T,
wp = M (23)
Tn

By identification with the transmission coefficient expressed
in equation (15), we have:

7, = 2 24)
"T 2R+ Ry
1
0= Jic )
RoC = 20 _ g (26)
T, = = > L.
n 0 La)l%

In this case, the reflection coefficient proposed in equa-
tion (14) can then be rewritten as:

(T — (s + o)

S11(s) =
§2 4+ wps + a)(z)

27)

Knowing the S-matrix model, the frequency responses will
be analyzed in the following subsection.

VOLUME 9, 2021

C. ANALYSIS OF S-PARAMETER FREQUENCY RESPONSES
The magnitudes of the reflection and transmission coeffi-
cients, S11(w) = [S11(w)| and T(w) = |T(jw)| are given,
respectively, by:

(1 = T)(? — &})]

JE2@? — @} + 4w — Tywo)?

S11(w) = (28)

@m0 — @) + 4 — Ty

T(w) = (29)

\/ 22(a? — 02 + 4o — Tywp)?

The transmission phase yielded from the transmission coeffi-
cient is expressed as:

(@) = ¢ (@) — 5 (®) (30)
with:
¢ (w) = arctan [—ij(;’;;—l)zg)} €1}
and:
2(1 = Ty)w
oy (w) = arctan |:rn(a)2——w(2)):| . (32)

The SB-NGD analysis can be explored from these expres-
sions.

IV. SB-NGD ANALYSIS AND SYNTHESIS OF THE
IDENTIFIED RLC-NETWORK BASED TOPOLOGY

The NGD analysis consists in the identification of the NGD
existence condition written in equation (6), in the appro-
priated frequency bands. The NGD condition can be trans-
formed into a relation between the elements of the topology
under study by considering the GD expressed in equation (5).
Subsequently, to explore this condition, we need to start with
the GD expression versus frequency.

A. FREQUENCY DEPENDENT EXPRESSION OF GD
The GD defined in equation (5), which takes into account the
transmission phase written in equation (30), is expressed as:

GD(w) = GDy(w) — GDy(w) (33)
or
GD(w) = Ay (@) ¢z (w) (34)
ow ow
with
27,(1 — Tn)(a)2 + w%)
GD4(w)= 35
@) t2(0* + o) +2[2(1 — Ty)? — 1} | ? 59
_ 2 2
GDy () = 20, Tu(Ty — 1)(@* + wpy)

T2t2(0* + ) + 2 [2(1 — Ty)? — T2t} w}] ?
(36)

The exploration of this GD constitutes the SB-NGD analysis
and synthesis to be developed in the next subsection.
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04152

37

T, (dB)
% (ns?)

FIGURE 5. Product « versus (fn, Tp) with f, (a) from 0.5 to 1.5 GHz and
(b) from 1.5 GHz to 5 GHz.

B. ANALYSIS AT VERY LOW FREQUENCIES (o ~ 0)

We recall that at very low frequencies, @ =~ 0, the reflec-
tion and transmission coefficients of equations (28) and (29)
become:

Silwo=0=1-T,

S1(w=0)=T, oD

At the same frequency, the GD introduced in equation (31) is
simplified as:

2(1 — T,)>?

GD(w ~ 0) = — <0. (38)

2
ThTn g

For the interpretation of this relation, the mapping of the
product:

k = GD(f =~ 0) x GD(f ~ fy) (39)
versus (fo, T,,) varied from (0.5 GHz, —10 dB) to (5 GHz,
—1dB)is presented in Figs. 5. It can be seen that the product &
is inversely proportional to f;, and 7},. As an interesting remark
inferred from the plot of Figs. 5:

« when f; increases from 0.5 GHz to 1.5 GHz, the product,
«, decreases from about —0.3 ns? to —299 psz,

o and when the characteristic frequency varies from
1.5 GHz to 5 GHz, the product, «, decreases from —0.03
ns® to —26.9 ps>.

C. EXPRESSION OF SB-NGD BANDWIDTH

We can remark that the GD established in equation (38) is
always negative for any values of parameters in the topology
proposed in Fig. 4. Moreover, the NGD cut-off frequencies
can be determined as the roots of equation (7) by using the GD
given in (33). Consequently, we find the cut-off frequencies

6

given by:

V2T, = D2 + Ty(taw0)? +2¢(1 — T,)
B Ty

V2T, — 12 + Ty(tywo)? — 2¢(1 — Ty)
- Tu/Tn

w1 (40)

w2 (41)

where:

¢ = V(T — 1)? 4 Ty(tae0)?.

The bandwidth with positive GD (PGD) can be calculated
with the relation:

(42)

BW = wy — wy. 43)
D. PROPERTIES OF SB-NGD FUNCTION

Similar to the cases of the most developed types of NGD func-
tion as LP-NGD and BP-NGD ones, the SB-NGD function
presents some specific analytical properties. It is interesting
to note that the cut-off frequencies and PGD center frequency
are linked by the equation:

w1

2
0

=1

(44)

In addition to this relationship, we remind also that:

o Atthe central frequency According to equation (18), the
magnitude 7' (w = wg) = 1 and the GD at the is equal to
GD(wgy) = 1, > 0.

« At very low frequency, the magnitude as given in equa-
tion (35) must be 7 (w ~ 0) < 1 and the GD at very low
frequency GD(w ~ 0) < 0.

In brief, the passive circuit introduced in Fig. 4 enables to
have:

GD(w < w1) <0
GD(w) <w<wy) >0
GD(w > wy) <0

(45)

This statement confirms that the circuit introduced in Fig. 4
behaves as a SB-NGD function.

E. SYNTHESIS AND DESIGN EQUATIONS OF SB-NGD
CIRCUIT

The design of the SB-NGD circuit must start with the speci-
fications of:

o The PGD center frequency, t,,

o The attenuation at very low frequency, 7},

o The expected PGD, t,, which is linked with the NGD
at very low frequency, 79 = GDp < 0, given in
equation (36).

Therefore, the equations of the SB-NGD circuit R, L, and C
parameters are given by:

T,R

R = _In0 (46)
21— T,)
R

L=—" (47)
T
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FIGURE 6. Variations of SB-NGD circuit parameters: (a) R, (b) L, and (c) C,
versus (Tp, n).

TABLE 2. Minimum and maximum values of synthesized R, L and C
parameters.

Parameters T, 7, R L C
Min. -10 dB 0.1 ns 23.1Q 5.1 pH 2 pF
Max. -1dB 10 ns 410 Q 50.7 nH 0.2 nF
Tn
o " (48)
Ry

We can remind that 7, must verify the condition, 0 < 7,, < 1.
The different ranges of R, L, and C values versus (T}, t,) are
plotted in Figs. 6. According to these graphical plots, it can
be seen that:

e R increases with T},, L varies inversely proportional to
T, and 7,,, and C increases proportionally to t,.

o The R-variation slope is particularly weak, lower than
10 ©2/dB, when T}, is below —6 dB, against the slope
above —4 dB, which is more than 100 ©2/dB.

o The C-variation presents a slope less than 10 pF/decade
when 7, is lower than 1 ns against more than
100 pF/decade when 7, is higher than 1 ns.

Table 2 summarizes the minimal and maximal values of R, L,
and C versus the considered minimal and maximal range of
(Th, Tn)-

To verify the feasibility of the developed SB-NGD theory,

PoC practical investigation will be presented in the next
section.

V. VERIFICATION RESULTS WITH PROOF OF

CONCEPT (POC) CIRCUIT OF SB-NGD TOPOLOGY

The present section deals with the validations of the SB-NGD
topology. After the PoC description, parametric simulations
are described in order to quantify the influence of the R,
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P

FIGURE 7. Schematic of the simulated SB-NGD circuit PoC.

TABLE 3. Parameters of the SB-NGD circuit PoC.

Description Parameter Ideal value
Center frequency f0=2.45 GHz
. . BW BWpgp=0.3 GHz
Specifications NGD value 7,=-0.1 ns
Attenuation T=-3 dB
Caleulated NGD Resistor R=61 Q
-alculate Inductor L=0.5 nH
circuit parameters -
Capacitor C=8.35pF

L, and C component parameters on the NGD behavior. The
overall validation aspects are originally focused on analyzing
NGD function.

A. POC DESIGN DESCRIPTION
The SB-NGD circuit design was performed with the appli-
cation of synthesis equations of R, L, and C expressed in
equations (46), (47), and (48), respectively. Fig. 7 shows
the design of the SB-NGD schematic circuit in the environ-
ment of the electronic and RF/microwave circuit simulator
ADS® from Keysight Technologies. The NGD specifica-
tions and designed circuit electrical parameters are indicated
in Table 3.

To illustrate the robustness of the SB-NGD behavior, sen-
sitivity analysis with respect to the circuit parameters will be
discussed in the following subsection.

B. SB-NGD RESPONSE SENSITIVITY ANALYSIS

Sensitivity analyses with respect to the resistor, R+/—5%,
inductor, L+/—5%, and capacitor, C+/—5%, have been
conducted for the robustness of the SB-NGD circuit.
The sensitivity analyses enable to explain more explicitly
the circuit parameter effects onto the SB-NGD function. The
MATLAB® calculations of GD, Si;, and S7; introduced
in equation (33), equation (28), and equation (29) to be
discussed in the following paragraphs with the S-parameter
analytical expressions, are carried out from 2 GHz
to 3 GHz.

425

426

427

428

430

431

432

433

434

435

436

437

438

439

440

441

442

443

444

446

447

448

449

450



451

452

453

454

455

456

457

458

459

460

463

464

465

466

467

468

469

470

471

4712

473

474

475

476

477

478

479

480

IEEEACC@SS B. Ravelo et al.: Original Application of SB NGD Microwave Passive Circuit for Two-Step Stair PS Designing

2 22 24 2.8 3
Frequency (GHz)

FIGURE 8. Parametric results versus R: (a) GD, (b) Sq;, and (c) Sy;.

1) SENSITIVITY ANALYSIS VERSUS R

The effect of resistor, R, was investigated under linear vari-
ations from 58 €2 to 64 Q with 7 fixed values of L and C.
The calculated results are represented as cartographies with
color scale variation of responses in function of couple (fy, R).
Fig. 8(a), Fig. 8(b), and Fig. 8(c) display the results of the
calculations of GD, S11, and S, respectively. The SB-NGD
behavior is occurred for all the value of the considered range
of R. It is noteworthy that the specified parameters, center
frequency, fo = 2.458 GHz, GD(fy) = 0.42 ns, S11(fy) =
—38 dB, and S71(fp) = —4 mdB are less sensitive to variation
of R.

2) SENSITIVITY ANALYSIS VERSUS L

The inductor variation effect was investigated via linear sen-
sitivity analysis of inductor L varied from 4.75 nH to 5.25 nH
with fixed resistor and capacitor during the S-parameter
calculations. Fig. 9(a), Fig. 9(b), and Fig. 9(c) display the
corresponding results.

It can be seen with the three cartographies that the NGD
center frequency increases with L. More rigorous analysis can
be done from observation of fy, GD(fy), S11(fo), and S21(fo)
variations plotted in Figs. 10(a), Fig. 10(b), and Fig. 10(c),
respectively.

3) SENSITIVITY ANALYSIS VERSUS C
This paragraph presents the capacitor variation effect onto the
SB-NGD circuit responses.

The analysis is performed with linear sensitivity analysis of
capacitor C varied from 7.93 pF to 8.77 pF with fixed resistor
and inductor during the S-parameter calculations. Fig. 11(a),
Fig. 11(b), and Fig. 11(c) display the corresponding results.
It can be seen with the three cartographies that the NGD

8
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FIGURE 9. Parametric results versus L: (a) GD, (b) S;, and (c) Sy
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FIGURE 10. GD(fy), fo, S11(fp). and Sy (fp) versus L.

center frequency increases with C. More rigorous observation
of fo increasing from 2.4 GHz to 2.525 GHz, GD(fy), S11(fo),
and Sy (fo) variations are plotted in Fig. 12(a), Fig. 12(b), and
Fig. 12(c), respectively.

C. DISCUSSION ON CALCULATED AND SIMULATED
SB-NGD RESULTS

The PoC of SB-NGD circuit was simulated from 2 GHz
to 3 GHz. Comparisons between the calculated (“‘Calc.””) and
simulated (“Simu.”) with ADS®) results are displayed in
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FIGURE 12. GD(fy), fo, S11(fp). and Sy (fp) versus C.

Fig. 13. The calculated results were obtained with a program
developed in Matlab using S-parameters equations. It can be
pointed out that these comparative results present a very good
agreement. As expected, and seen in Fig. 13(a), in the work-
ing frequency band, the considered circuit PoC presents a
SB-NGD behavior around center frequency of approximately
fo = 2.46 GHz.
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FIGURE 13. Comparisons of calculated and simulated (a) GD and
(b) transmission parameters from the SB-NGD PoC shown in Fig. 8.

TABLE 4. Comparison of calculated and simulated SB-NGD prototype
parameters.

Jo o(fo) BW Sa1(fo) Sii(fo)
Approach | Gy, (ns) (MHz) (dB) (dB)
Calculated | 246 417 267 0.42 17
Simulated | 2.46 416 268 041 18

TABLE 5. Comparison of SB NGD circuit specifications with the
state-of-the-art.

Approach Jfo 7(fo) BW Atteg@u;tlon
[36] 0.5 GHz 2 ns 46 MHz -0.05 dB
[39] 32 MHz 0.89 ns 83.6 MHz -7.3 dB
[40] 0.95 kHz 108 pus 1.45 kHz -4.08 dB

This work 2.46 GHz 4.16 ns 268 MHz -0.41 dB

Table 4 summarizes the differences between the calculated
and simulated NGD parameters.

After the SB-NGD sensitivity analysis and feasibility
study, an original case of application to design a stair PS for
microwave system will be explored in the following section.

D. COMPARISON OF SB NGD SPECIFICATIONS

The present subsection proposes a state-of-the-art investiga-
tion about the unfamiliar SB NGD function. We can compare
the specifications of the considered NGD circuit with the very
few research works available in the literature about the SB
NGD circuit design [36], [39], [40]. Table 5 summarizes the
comparison of NGD at center frequency f,, GD 7(f,) at the
center frequency, bandwidth BW and also the attenuation at
center frequency.
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FIGURE 14. Two-port black box of positive group delay (PGD) circuit.

[Spep (8)]

The present research work is particularly challenging with
the possibility of SB-NGD circuit design operating at higher
central frequency with very low attenuation loss.

At this stage, we may wonder about the designability of SB
NGD integrating into a PS. The following section develops
the innovative stair PS design, fabrication and test of the proof
of concept.

V1. SB-NGD CIRCUIT BASED-STAIR PS DESIGN,
FABRICATION AND TEST
As original application of the previously investigated

> SB-NGD circuit, we can design an innovative stair PS never

been done before. The next paragraph introduces the principle
of the stair PS.

s A. THEORETICAL APPROACH OF STAIR PS DESIGNING

The present subsection describes the theoretical approach
of SB-NGD function application for stair PS circuit design.
The design is illustrated by graphical diagram representation
based on the S-matrix operation.

1) DESIGN PRINCIPLE OF STAIR PS WITH SB-NGD
FUNCTION

For the basic understanding, we consider the case of two-
step stair PS in the present study. Thus, we assume that the
frequency band of interest is written as:

BW, = w1, w1, ] . (49)

The original stair PS under study is ontologically imple-
mented with cascade of ideal PGD and NGD two-port circuits
as introduced in [22]-[24] for the case of BP-NGD circuit.
To illustrate the ideal principle elaborated in the present
subsection, we suppose that the reflection coefficients of the
ideal PGD and NGD two-port circuits are negligible:

S11,22.pep(jw)| = [S11.22.86D(w)| = 0. (50)

The NGD-function based PS explored in [22]-[24] is speci-
fied by the phase shift value independent to the frequency on
the band of interest. To obtain such a particular behavior, the
PGD and NGD circuits must fulfil certain specific require-
ments as introduced in the following paragraphs.

2) IDEAL SPECIFICATION OF PGD BLOCK OF THE NGD-PS
CIRCUIT

The ideal specification of the PGD block is defined by
the analytical approach by assuming with the constant

10

o)

FIGURE 15. Two-port black box of NGD ideal circuit.

—

O

[Snap (8)]

(independent of frequency) ideal GD value:
GDpgp(w) = 14 > 0. (51)

Figs. 14 represents the S-matrix block of the perfectly access
matched PGD as a two-port circuit which means:

S11,pp(jw) = S22, pGp(jw) ~ 0. (52)

Therefore, the corresponding S-matrix can be expressed by
the ideal equations:

[Spanie)] = [ So1 e S”*P%D("‘”)} (53)
knowing that:
$21,PGD(j®) = Sq eXp [j(¢a — wTa)] (54)
with the constant phase, ¢,, and constant magnitude:
|S21,pGD(j@)| = Sq < 1. (55)

The NGD block must operate in opposite phase of the PGD
one. The NGD block ideal specification will be defined in the
following paragraph.

3) IDEAL SPECIFICATION OF NGD BLOCK OF THE NGD-PS
CIRCUIT

In this case, let us denote the ideal GD value of NGD block
as:

GDpygp(w) = 15 < 0. (56)
The NGD circuit is assumed with constant magnitude:
|S21.8GD )| = Sp < 1 (57)
and constant phase:
arg [S21.86D(®)] = @b (58)

Figs. 15 represents the S-matrix blocks of the perfectly access
matched NGD system modelled by the ideal equation:

0 S21,nGp(jw)
S$21,86D(jw) 0

[Snep(iw)] = [ } (59)

where:
S21,nGp(jw) = Spexp [j(gp — 0Tp)] . (60)
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FIGURE 16. Two-port black box of freq
by PGD and NGD ideal circuits in cascade.

y-independent PS constituted

4) IDEAL REPRESENTATION OF STAIR PS WITH SB-NGD
FUNCTION

The associated block is illustrated by the diagram of Fig. 16.
Since the reflection coefficients are negligible as defined by
equation (50), it should present the S-matrix product as

[Sps(jw)] = [Spep(jw)] x [Sncp(jw)] .

By means of 2-D matrices introduced in equation (52) and
equation (59), we have the ideal expression of PS S-matrix
model:

(61)

S 0 $21,ps(jw)
with
S21,ps(jw) = SaSpexp {j gy + op — &(ta + )]} . (63)

s In the frequency band of the study, we can realize a frequency

independent PS as illustrated by Fig. 17(a) by choosing the

s GD proposed in Fig. 17(b):

GDnGp(@) = —GDpgp(w). (64)
Therefore, it means that we should have:
T, = —T,. (65)

The PGD and NGD associated frequency dependent phase
values are given by, respectively:

{ 921.pGD(w) = arg [S21,pep(jo) | = ¢21.pep(wL)) — W14

@21.NGp(@) = arg [S21.nGp(jw)| = @21 86D (L)) — ©T,
(66)

5) IDEAL VALUES OF PHASE SHIFT AND GD IN THE EACH
FREQUENCY BAND OF STAIR STEPS

The consideration of the dual-band NGD aspect related to
the SB-NGD function as BW}, and BWy shown in Fig. 18(a),
enables to generate a two-step stair PS:

§0(Q)Ll <w= sz) =¢1

v, <o <o) =@ —on (67)
p(wp, <o < wp,) =@
with:
01 = p(or,) = —wT| 68)

¢ = (o) = —013 + @
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FIGURE 17. (a) Phase and (b) GD responses of PGD, NGD, and
frequency-independent PS.

A ' BW-_ i1 BWy !
Y i IO . (_.il;_; | g
(¥ _____________'_: 3 ;
(07 A
(a)
GD ) o .
t ! BW, L1 BWy
T2 S PR — !
. ‘ '
| ) PR R O
] b @
0 ' f - >
W G
(b)

FIGURE 18. (a) Phase and (b) GD ideal responses of two-step stair PS.

In this case, the GD response can be represented as shown in i
Fig. 18(b), which is defined as: 612

GD(w < wy1) =71
GD(wy1 Sw S wy) =12

69) o
GD(wy2 <@ < wy) = T3

GD(wy1 S w Zwyp) =17

11
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FIGURE 19. Schematic of the designed stair PS prototype.

To validate the feasibility of the introduced ideal principle, a
prototype of stair PS circuit PoC will be investigated in the
following subsection.

B. STAIR PS DESIGN AND MODELLING WITH
DISTRIBUTED SB-NGD CIRCUIT

The design of the stair PS is explored in the present sub-
section. The design is based on the SB-NGD microstrip dis-
tributed circuit. The equivalent model between lumped and
distributed inductor and capacitor will be proposed.

1) DESCRIPTION OF THE DESIGNED PROTOTYPE OF STAIR
PS POC

To wvalidate the applicative concept, the developed
SB-NGD function was used to design a stair PS. The pro-
totype of stair PS circuit PoC was designed in hybrid tech-
nology. The PS consists of cascaded PGD constituted by
TL and the SB-NGD circuit. The TL was implemented in
microstrip technology with physical width, w, and physical
total length, d. Fig. 19 represents the schematic of the stair
PS PoC designed in the environment of the ADS® elec-
tronic and RF/microwave simulation tools from Keysight
technologies®).

First, a “lumped” PS circuit was designed and simulated
with the SB-NGD specified in Table 2. However, the small
values of inductor and capacitor are not available in our lab-
oratory. Therefore, a “distributed” PS circuit was designed
on Isola Astra 3 dielectric substrate with a surface mounted
component (SMC) resistor. The following paragraph will
propose the used distributed model of inductor and capacitor.

2) MODEL OF MICROSTRIP DISTRIBUTED INDUCTOR AND
CAPACITOR

The distributed microstrip structures, inductance and capac-
itance, widths and lengths are denoted by (Win4, ding) and
(Weaps deap), Tespectively. During the design phase, we have
considered the following constants:

o the effective permittivity, &,
« the center angular frequency, wy = 27y,
o Z:(Wing) and Z.(w.qp) are the inductor element charac-
teristic impedances,
o and c is the vacuum light speed.
According to the TL theory, the lumped inductor component
can be estimated from the distributed physical parameters by

12

the formula:

I — Zc(Wing) tan(Oing ) (70)
wQ
with the electrical angle:
woding /€
bing = ——Y"L (1)

Under the similar approach, the capacitor component can be
estimated from the formula:

_ tan(Ocqp)

= (72)
wOZc(Wcap)
with:
wodeap /€
[ M. (73)

By choosing the electrical angle respecting the condition,
we can assume that tan(6;,q) ~ 0jng and tan(Ocqp) ~ Ocqp.
Consequently, we can estimate the inductor and capacitor
formulas introduced in equation (70) and equation (72) as:

L~ Zc(Wina)dina Ereff (74)
C
"y dcap Ereff (75)
CZC(Wcap) ’

After estimation of the distributed components, the designed
stair PS was fabricated. The results are discussed in the
following subsection.

C. STAIR PS PROTOTYPING AND EXPERIMENTAL
VALIDATION RESULTS

The present subsection is focused on the discussion on
the successfully fabricated two-step stair PS and also the
experimented validation results. Comparisons of results
obtained from calculations, simulation with the ADS®) elec-
tronic and RF/microwave simulation tools from Keysight
technologies®), and measurements are discussed.

1) DESCRIPTION OF THE FABRICATED PROTOTYPE OF STAIR
PS POC

Based on the previously introduced formulas of distributed
self-inductor and capacitor, a prototype of hybrid and
microstrip circuit was designed, fabricated and tested. The
microstrip specifications of substrate susceptible to operate in
the expected frequency band of interest are determined. The
substrate physical characteristics are addressed in Table 6.
The distributed stair PS circuit was implemented.

The layout of the stair PS prototype is shown by Fig. 20(a).
The top and bottom view photographs of the fabricated PS
prototype are displayed in Fig. 20(b) and Fig. 20(c). This
stair PS circuit prototype was tested to extract the measured
S-parameter. The following paragraph describes the obtained
results.
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TABLE 6. Physical parameters of the substrate used in the stair PS circuit.

Structure Description Parameters Values
Relative
permittivity & 3
Substrate Loss tangent tan(o) 0.0017
Thickness h 0.76 mm
Metallization C(;)pp'er‘ o 58 MS/s
conductor conductivity
Thickness t 35 pm
Length d 2x9 mm
. Width w 1.53 mm
Access line Propagation
delay 7, 91.2 ps
SMD Resistor R 62Q
component
Distributed Length dipa 5.53 mm
inductance Width Wina 6.4 mm
structure
Distributed Length deap 12 mm
capacitance Width Weap 5 mm
structure
P ¥
Port, Port,
[ B
@]
PCB-LC @ Vias
o
o

FIGURE 20. (a) Layout, (b) top and (c) bottom view photographs of the
fabricated stair PS prototype.

2) EXPERIMENTAL SETUP CONFIGURATION

As experimental validation, the fabricated stair PS proto-
type, previously introduced in Fig. 20, was tested in the
frequency band from 2 GHz to 3 GHz. Similar to all clas-
sical microwave circuits, the stair PS SB-NGD test is based
on the S-parameter analysis. The tests were realized with
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FIGURE 21. Configuration of the stair PS SB-NGD prototype experimental

setup.

TABLE 7. Specifications of the tested two-step stair PS.

Parameters Lumped Distributed Measurement
BW, BWy BW, BWy BW, BWy
fmin (GHZ) 2 2.6 2 2.6 2 2.6
fmax (GHZ) 2.3 3.0 2.3 2.9 2.3 2.9
Dinean (°) -66 -102 -67.4 -103 -70 -104
AP (°) +/-2.1 +/-3.2 +/-3 +/-2.4 +/-4 +/-2
485 (f,) (dB) 0.82 1.35 1 1.28 0.88 0.94

10 MHz to 26.5 GHz PNA-X N5242A Network Analyzer
from Keysight Technologies®. The experimental setup can

be seen in Fig. 21.

During the measurement campaign, the test was made
under SOLT calibration. The next paragraph will discuss
between the simulated and measured results.

3) STAIR PS PROTOTYPE MEASUREMENT VALIDATION

Fig. 22 displays the comparisons between the (lumped and
distributed) simulated and measured phase shift and GD
results. As expected, they confirm undeniably the two-step
stair PS functions. This PoC confirms the feasibility of stair

PS. Table 7 summarizes the stair PS specifications.

A good correlation of stair phase values can be underlined

with the measured one:

o In the first bandwidth, BW; = 2-2.3 GHz, where we

have a phase shift of —70°£4°.

o In the 2nd bandwidth, BWy = 2.6-3.0 GHz, the step

phase is shifted to —104°£2°.
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FIGURE 22. Simulated and measured, (a) transmission phase and (b) GD
of the stair PS shown in Fig. 20.

Distributed

2 22 24 26 28 3
Frequency (GHz)

FIGURE 23. Simulated and measured (a) Sq; and (b) S,; of the stair PS
shown in Fig. 20.

Furthermore, the associated reflection and transmission
coefficients of the stair PS PoC are plotted in Fig. 23. They
show a good access matching between the two bands (BWp,
and BWy) and the PS flatness transmission coefficient less

than 3 dB through the whole range (2-3 GHz).
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VIi. CONCLUSION

An original theory of SB-NGD circuit is presented. The
proposed SB-NGD passive topology was inspired from
the LP-NGD cell and the LP-to-SB circuit transform. The
S-parameter model is established for the NGD analysis. The
different properties of the SB-NGD function are developed.

To confirm the feasibility of the SB-NGD theory, a circuit
PoC has been designed and simulated. Sensitivity analyses
with respect to the constituting lumped component parame-
ters are performed. It was reported how the SB-NGD response
can be sensitivity to the three circuit parameters. An example
of SB-NGD circuit application is developed to design a stair
PS function with phase shift independent to the frequency.
The principle of the stair PS is introduced. Simulations and
experimentations illustrate the feasibility of the SB-NGD
circuit-based stair PS in two frequency bandwidths.

The present research result is a pioneering work about the
design of the future communication system. In this optic,
the developed stair PS concept can be useful in the future
for designing phase array system of innovative multi-beam
antenna for the improvement of RF and microwave system
control [41].
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