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Generalized Coupled-Line All-Pass Phasers

Shulabh Gupta, Member, IEEE, Qingfeng Zhang, Member, IEEE, Lianfeng Zou, Student Member, IEEE,
Li Jun Jiang, Senior Member, IEEE, and Christophe Caloz, Fellow, IEEE

Abstract—Generalized coupled-line all-pass phasers, based on
cascaded C-sections (CCSs), cascaded coupled-lines (CCLs), and
hybrid-cascaded (HC) coupled transmission-line sections, are pre-
sented and demonstrated using analytical, full-wave, and experi-
mental results. It is shown that for N commensurate coupled-line
sections, CCL and HC phasers exhibit N group-delay peaks per
coupled-line section harmonic frequency band, in contrast to the
CCS configuration, which exhibits only one peak within this band.
It is also shown that for a given maximum achievable coupling-co-
efficient, the HC configuration provides the largest group-delay
swing. A wave-interference analysis is finally applied to the various
coupled-line phasers, explaining their unique group-delay charac-
teristics based on physical wave-propagation mechanisms.

Index Terms—All-pass networks, C-sections,
engineering, D-sections, group-delay engineering,
radio-analog signal processing (R-ASP).

dispersion
phasers,

I. INTRODUCTION

ADIO-ANALOG signal processing (R-ASP) has re-

cently emerged as a new paradigm for monitoring,
manipulating, and processing radio signals in real time [1]-[3].
Compared to conventional digital signal processing (DSP)
techniques, R-ASP operates on signals directly in their pristine
analog form to execute specific operations enabling microwave
or millimeter-wave and terahertz applications. It thus provides
a potential solution, especially at high frequencies, to overcome
the drawbacks of DSP techniques, which include high-cost
A/D and D/A conversion, high power consumption, low speed,
and high complexity.

The heart of an R-ASP system is a phaser (refer to
Section V-A for a detailed discussion on phaser terminology),
which is a component exhibiting a specified frequency-de-
pendent group-delay response within a given frequency range
[1]. When a broadband signal propagates through a phaser, its
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spectral components progressively separate from one another
in the time domain due to their different group velocities, a
well-known phenomenon commonly referred to as chirping.
This spectral discrimination in the time domain allows ma-
nipulating spectral bands individually and directly in the time
domain, thereby enabling several high-speed and broadband
processing operations. Some recently demonstrated R-ASP
applications include signal receivers and transmitters for com-
munications [4], [5], frequency meters and discriminators for
cognitive networks [6], [7], spectrum analyzers for instru-
mentation [8]-[10], signal manipulation for efficient signal
processing [11], [12] and chipless tags for RF identification
(RFID) systems [13].

Phasers can be either of reflective type or transmission type.
Reflective-type phasers are single-port structures, which are
converted into two-port structures using a broadband circulator
or a hybrid coupler. They are mostly based on the principle
of Bragg reflections, and include microstrip chirped delay
lines [14], artificial dielectric-substrate-based phasers [15] and
reflection-type waveguide phasers [16]. While reflection-type
phasers impose less constraints on the design parameters of
the phaser compared to transmission-type phasers [17], their
requirement of an external one-port to two-port conversion
component, incurring additional loss along with undesired
phase distortions in the overall delay response, is a major
drawback. Transmission-type phasers, on the other hand, are
inherently two-port components. Surface acoustic wave (SAW)
devices [18], and magneto-static devices [19] are some clas-
sical representatives of these phasers, but they are suitable only
for very low frequencies and narrow-bandwidth applications.
While some recently proposed transmission-type phasers,
based on coupled-matrix analysis, offer great synthesis flexi-
bility for advanced group-delay engineering, they are usually
restricted to narrowband designs [20], [21]. For broader band
applications, coupled-line all-pass phasers are more suitable,
also offering greater design simplicity and benefiting from
efficient synthesis procedures [22]-[25].

The coupled-line all-pass phasers reported to date are based
on cascaded C-sections (CCSs) and/or D-sections synthesizing
prescribed group-delay responses [25], [26]. On the other hand,
a longitudinal cascade of commensurate coupled transmission
lines was first demonstrated in [22]. In this work, a third type
of cascading configuration is proposed based on a combina-
tion of a CCS and a cascaded couple-line (CCL) configura-
tion, hereby termed the hybrid cascade (HC). The corresponding
coupled-line phaser is called an HC coupled-line phaser. The
HC coupled-line phaser was first introduced in [27] and later
used in group-delay engineering in [28]. This set of three cas-
cading configurations, CCL, CCS, and HC, represent the funda-
mental cascading schemes upon which more complex phasers

0018-9480 © 2015 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.
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Fig. 1. Transmission-type all-pass phaser topologies. (a) C-section and (b)
D-section with wg being the quarter-wavelength frequency of a transmission
line.

can be constructed, leading to vast variety of coupled-line all-
pass phasers with rich and exotic dispersion characteristics. Fur-
ther, the group-delay characteristics of these three cascaded con-
figurations are investigated and compared in details and their
unique properties are explained using a rigorous wave-interfer-
ence analysis.

This paper is organized as follows. Section II introduces the
CCS, CCL, and HC coupled-line phaser topologies with a com-
parison of their group-delay characteristics based on their ana-
lytical transfer functions. It also presents corresponding fabri-
cated prototypes along with measured results, validating the an-
alytical models and confirming the various group-delay charac-
teristics. Section I1I presents the wave-interference mechanisms
that may be used to construct a general transfer function with
coupled-line all-pass phasers. These mechanisms are then used
to explain some unique group-delay features of CCL and HC
coupled-line phasers. Finally, Section IV provides conclusions.

II. COUPLED-LINE ALL-PASS PHASERS

A. Basic Transfer Functions

All-pass transfer functions are based on two building-block
transfer functions, the C-section and the D-section transfer func-
tions [29].

A C-section transfer function can be realized by a two-port
transmission-line structure, consisting of a (four-port) coupled-
line coupler with its through and isolated ports interconnected
by an ideal transmission-line section, as shown in Fig. 1(a). Its
transfer function can be derived by applying the interconnection
boundary condition between the ingoing and outgoing waves at
the two end ports of the coupler. The C-section transfer function

is given by
_ (p—jtand
Su(0) = <p+jtan0> (1a)
with
1+ k&
P=ANT TR (1b)

where k is the coupling coefficient between the coupled-lines
forming the structure. Its all-pass nature, |So1| = 1, V4, is
immediately verified by noting that the magnitudes of the nu-
merator and denominator in (la) are equal, and it may also
be verified that the function provides a frequency-dependent
group-delay response reaching a maximum value at § = (2m —
1)w/2, where m is an integer. This condition corresponds to
frequencies where the length of the coupled-line section is an
odd multiple of a quarter-wavelength. Upon the high-pass to
low-pass transformation s = j tan 8, the C-section is seen to be
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a first-order phaser, with one real pole and one real zero, placed
symmetrically about the imaginary axis in the s-plane.

The derivation of a generalized transfer function corre-
sponding to a coupled-line coupler terminated with an arbitrary
all-pass load with transfer function Sy is provided in the
Appendix, Section B and reads

(1250
1—-55

Sa1(0) = b+ )
where, in (2), ¢ and b are the through and coupled transfer func-
tions of the coupler without the end connection. The C-sec-
tion transfer function is a particular case of this network with
S = 1.

The second-order transmission-line all-pass phaser is the
D-section, which consists of a coupled-line coupler terminated
with a C-section, as shown in Fig. 1(b). Using the general
transfer function form (2) with Sy given by (la), the transfer
function of a D-section is found as

1 — pytan? 6 — jp, tanf
S91(0) = 3
21(6) (lpatan20+jpbtan0 (32)
with
1=k 14k
Sy (i ey (3b)
and
1=k 1— ks
R R @

where k; 2 are the coupling coefficients of the two sections.
Upon the transformation s = j tan 8, the D-section is seen to
be a second-order phaser, with two pairs of complex para-con-
jugate zeros and poles in the s-plane.

B. Phaser Topologies

The group-delay profiles of a C-section and a D-section have
a specific and restricted shape that depend on the length and
coupling coefficients of the sections involved. However, com-
bining several coupled-line sections in an appropriate fashion
allows synthesizing virtually arbitrary prescribed group-delay
responses between the input and the output ports within a given
frequency range. Such phasers can be conceptualized and cat-
egorized based on how the different coupled-line sections are
connected together. The three basic configurations shown in
Fig. 2 are possible and are described below.

1) CCS phaser. In this configuration, several C-sections are
cascaded in the direction that is transverse to the axis of
the transmission lines forming the C-sections, as shown
in Fig. 2(a). The corresponding transfer function is then
simply the product of the individual C-section transfer
functions, and thus reads

ces N pi — jtand
Sy (0) = H <—> 4)

o\ P + jtand

where p; = /(1 +k;)/(1 — k;), k; being the coupling
coefficient of the ith section.

2) CCL phaser. In this configuration, several coupled-line
sections are cascaded in the direction of the transmission
lines forming the coupled-lines, as shown in Fig. 2(a),
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Fig. 2. Cascaded coupled-line all-pass phasers. (a) Generic topologies for a
CCS, CCL, and HC coupled-line phasers. (b) Typical group-delay response of

the three phaser topologies in (a) over the lowest coupled-line section harmonic
frequency band with N = 4 coupled-line sections of identical length £; = £.

with the last section being a C-section [30]. The corre-
sponding transfer function can be derived by iteratively
constructing the load transfer functions starting from the
last coupled-line section towards the input port, as derived
in Appendix, Section C. The result is

a352(6)

CCL — — _
SO = S10) = b+

(%)
where S2(0) is the overall transfer function of the structure
starting from the second to the Nth coupled-line section.
It is to be noted that a D-section is the particular case of an
CCL coupled-line phaser with N = 2.

3) HC coupled-line phaser. This configuration consists of a
combination of CCS and CCL coupled-line sections, as il-
lustrated in Fig. 2(c). This may be seen as a coupled-line
coupler terminated with a CCS phaser. The corresponding
transfer function can be written using the CCS transfer
function as Sy in (2), leading to

25,(8
SHC(9) = by + fT% (62)
Sy(8) = ﬁ (”41' _jtan9> (6b)
0 pi+jtand J

=2

The diversity of possible transfer functions provided by the
CCS, CCL, and HC coupled-line phasers for general parameters
is too great to be tractable in such a paper. Therefore, for the sake
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Fig. 3. Typical group-delay responses for the different cascaded coupled-line
phasers in Fig. 2(a) with different numbers NV of coupled-line sections of length.
Here, all the phaser sections have the same length £, while k1 > ks > ks ... >
kn.

of simplicity and comparability, we shall restrict our analysis to
the case of commensurate coupled-line sections (i.e., coupled-
line sections having all the same length). However, it should
be kept in mind that the above analytical transfer functions are
general and that the corresponding phasers exhibit much richer
synthesis possibilities than those presented below.

C. Group-Delay Response

The three configurations in Fig. 2(a) exhibit very different
group-delay responses, as shown in Fig. 2(b) for the case of NV
=4 and 1 = €5 = f3 = £4 = £. Under the latter condition,
the CCS phaser has a delay shape similar to that of a regular
C-section, with a single delay maximum over the lowest cou-
pled-line section harmonic frequency band, 8 € [0, #]. In con-
trast, the CCL configuration exhibits four delay peaks within
the same bandwidth. These peaks are quasi-uniformly spaced
and quasi-equal in magnitude, with group-delay swings, At
= Tmax — Tmin, that are larger than those obtained in the CCS
case.! Similar to the CCL case, the HC coupled-line phaser ex-
hibits four delay peaks, but with dramatically different charac-
teristics. While the outermost delay peaks are lower, the center
ones have a steep slope within a narrow bandwidth and thus ex-
hibit a very large delay swing A7. Moreover, it is observed that
the two central peaks are closer to the each other compared to
the CCL case. Thus, for a given maximum achievable coupling
k, the HC coupled-line phaser provides the largest group delay
swing A7 among the three configurations.

Fig. 3 shows the typical group-delay responses of these three
configurations for different number of coupled-line sections V.
While the CCS phaser maintains a single delay peak across the
bandwidth for all Ns, the number of delay peaks in the CCL and
the HC case scales with V. In general, for N coupled-line sec-
tions, the group delay exhibits NV delay peaks within a periodic
band. The trends observed in Fig. 2(b) are confirmed as follows.

Note that the response can be drastically different in the case of noncom-
mensurate sections.
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(b) ()

Fig. 4. Photographs of coupled-line phaser prototypes in stripline technology consisting of N = 4 coupled-line sections in three different configurations.
(a) CCS phaser. (b) CCL phaser. (¢) HC coupled-line phaser. The photographs show the grounding vias and outline of the copper traces sandwiched between
the two substrate layers. Linewidth and line-gap of each coupled-line section are £; € [22 22 22 22] mil and g; € [22 17 12 7] mil, which corresponds to the
coupling coefficients k; € [0.065 0.095 0.145 0.215] extracted from full-wave simulation (FEM-HFSS). Length of each section is 1000 mil.

1) While the delay values of the peaks in the CCL case are
near identical, except for the 1st and the NVth peak, a strong
variation of the delay peak values occurs in the HC case,
with the central peak exhibiting the largest group-delay
swing.

The HC coupled-line phaser provides the largest group-
delay swing, and the largest absolute delay values, among
the three cases, at the cost of locally reduced bandwidth
around the peak values.

Compared to the CCL coupled-line phaser, the spacing
between adjacent peaks across the bandwidth is strongly
nonuniform in the case of HC coupled-line phasers, with
more crowding near the center of the periodic bandwidth.

It should be noted that the group-delay response of an HC
coupled-line coupler is not simply a superposition of the re-
sponses to the corresponding CCS and CCL phasers.

Despite the very different group-delay characteristics, the
following theorem is common to the three phaser configu-
rations: Given N sections, the total area under the T — 0
curve is Nw regardless of the configuration. This theorem is
demonstrated in Appendix, Section D. As a result, based on
the aforementioned considerations regarding the number of
delay peaks, compared to the weakly dispersive CCS phasers,
the CCL and HC phasers make a more efficient use of their
delay-frequency area by shaping the delay curve so as to
produce higher dispersion regions. In other words, they locally
enhances the group-delay peaks around specific frequencies
by reducing the other peaks so as to keep the total area con-
stant. A detailed wave-interference mechanism will be used in
Section III to explain the other delay characteristics of these
phaser configurations.

2)

3)

D. Experimental Illustrations

In order to confirm the delay characteristics of the three cou-
pled-line configurations, their prototype were built, in stripline
technology, as shown in Fig. 4. The prototypes consist of two
RO4003C substrate layers, each 20-mil thick. The stripline is
fed through a coplanar-waveguide to stripline transition at each
input and output port. An array of conducting vias following the
signal layer profile were used to maintain the same potential be-
tween the top and ground planes.

—— Measured — CCS —— So1 (dB)
---- FEM-HFSS — CCL —eo- Sn1 (dB)
«-+-.- Theory —— HC

group delay 7 (0.2 ns/div)

0 ! 15 2 25 3

frequency (GHz)

frequency (GHz)

Fig. 5. Measured S-parameters and group-delay responses of the prototypes
shown in Fig. 4 compared with full-wave and theoretical results.

Fig. 5 shows the measured S-parameters and the group-delay
responses for the three prototypes of Fig. 4, corresponding to
the CCS-, CCL-, and HC phasers for N = 4. All prototypes are
well matched across the entire bandwidth of interest with S1; <
—10 dB in all cases. An excellent agreement between measured
results, full-wave, and the analytical results of Section II-B, is
observed in all cases. As concluded from Fig. 2(b), HC cou-
pled-line phasers provide the largest group-delay swing among
all three configurations. Fig. 6(a) shows another prototype for
the HC coupled-line phaser with N = 9. Again, measured S-pa-
rameters exhibit reasonable agreement within the design band-
width, as seen in Fig. 6(b), with excellent agreement between
the measured and simulated group-delay responses. It should be
particularly noted that, despite their simplicity, the analytically
derived transfer functions predict the various group-delay char-
acteristics in a convincing manner in all cases with a relative
delay error of <1% and <5% with simulated and measured re-
sponses, respectively. These formulas may thus be deemed ap-
propriate for fast and efficient designs of coupled-line phasers.

III. WAVE-INTERFERENCE EXPLANATION

A. Signal Flow Analysis

The transfer function of a coupled-line coupler terminated
with an all-pass transfer function S; was derived in the
Appendix, Section B using a scattering matrix approach. An
alternative approach to obtain such a transfer function is using
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Fig. 6. HC coupled-line phaser with N = 9 coupled-line sections. (a)
Photographs. (b) Measured group-delay response. (¢) Measured S-parameters.
Linewidth, line-gap, and length of every section are 20, 8, and 1000 mil,
respectively.

the signal flow graph analysis in conjunction with wave inter-
ference consideration [31], [32]. The signal flow graph analysis
provides deeper insight into the wave propagation mechanisms
involved and is thereby instrumental to unveil the group-delay
characteristics of coupled-line phasers.

Let us consider an HC coupled-line phaser with N = 3,
composed of ideally matched coupled-line sections with infi-
nite isolation, as shown in Fig. 7(a). Let us also assume that all
coupled sections have the same length and coupling coefficient.
Each coupled-line section has frequency dependent through and
coupled transfer functions, ¢ and b, respectively [see (12)]. The
structure may be seen as a coupled-line coupler terminated with
a pair of CCS. The corresponding signal flow graph is shown
in Fig. 7(b). In the terminating C-sections, the through signal
component is coupled back into the structure via the end connec-
tion, resulting in the formation of signal loops, which provides
the necessary variation in the delay across the design bandwidth
[32]. The problem can be simplified by considering a net transfer
function S? representing the complete termination, as indicated
in Fig. 7(b).

Based on the simplified signal flow of Fig. 7(b), the contribu-
tions of the different waves along the structure may be summed
up to build the overall transfer function S»; as

direct coupled  direct through

~ = s 5 N
521(9) = b + (a, x 8% x a)

first loop

+(a x 8% x bx 5% x a)

1011

Vin  Uout Vin

(@ (b)

Vout

Fig. 7. Wave interference phenomenology in HC coupled-line phasers.
(a) Phaser layout for N = 3 coupled-line sections of identical lengths and cou-
plings k. (b) Corresponding signal flow graph in terms of the coupled-transfer
function b and the through transfer function a. S is the overall transfer function
of a single C-section.

second loop

+(axS*xbx8?xbxS*xa)+t---
=b+a®S?[1+bS? + 25 +b25% + -]
a?§?

bt

Q)
which is identical to (2) obtained using the scattering matrix
method with Sy = 52, where Sy may represent an arbitrary
all-pass function. Since the overall transfer function is all-pass,
it may be expressed as e/ (|e??| = 1, V¢), and (7) may be
compactly rewritten as

521(9) = €j¢ == b —+ CLQSOSloop (83)
with
Stoop = ) "S5 (8b)
n=0

Differentiating (8a), using the definition 7(w) = —d¢/dw, and
rearranging the terms yields

Term 1 Term II
fc,lb\ 2 db dS
L S 20 ¢
m(w) = je PR (Sod6+bd0> toop
Term IIT
da dSy dé
(e]e} 2 N ‘2— 5
+51 p< aSOd0+a d@) Io (9a)
with
Tioop = »_ nb" Sy (9b)
n=0

In the particular case Sy = 1, the HC coupled-line phaser re-
duces to the single C-section with the group delay [32]

db a®db da de
0 SIOOp) (1 O)

=4l 4+ 20T 20— bkl
T(w) = je <49+ b dg leor Ty dw
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Comparing the delay expression (9a) of HC phasers to the
group delay (10) of a C-section, it appears that both Term II
and Term IIT have an extra factor proportional to d.Sy/dé con-
tributing to the delay swing when the termination is disper-
sive, i.e., dSy/df # 0. This reveals that the greatness of the
group-delay swings observed in the CCL and HC phasers in
Section II are essentially due to the dispersive nature of the
terminations. In contrast, in the CCS phaser case, which have
regular C-sections with nondispersive terminations, i.e., Sy =
1, the coefficients proportional to d.Sy/df in Terms II and IIT
vanish, resulting in smaller delay swings.

It should be noted that, in practice, where loss is never
zero, phasers including strongly dispersive terminations may
exhibit negative group-delay responses. In an electromagnetic
medium, the magnitude and phase responses are interrelated
by Kramers—Kronig relations, which are the mathematical
representation of causality [33]. Consequently, high disper-
sion, which is associated with high variations in Re{e,} or
Re{p,}, implies high loss, i.e., high Im{z,} or Im{,}; this
is the phenomenon occurring near resonance in plasmas and
ferromagnetic materials [33], [34]. Furthermore, high loss
is a necessary condition for obtaining negative group delay
[31]. To illustrate the effect of loss on the delay response of a
coupled-lines phaser, we consider in Fig. 1 a simple D-section
phaser, which may be seen as a coupled-line section terminated
with a dispersive C-section load, with different dielectric losses
or coupling coefficients. Fig. 8(a) compares two phasers with
identical coupling coefficients, but different dielectric losses,
and reveals that increasing loss can turn a positive group delay
into a negative one [31]. Fig. 8(b) compares two phasers with
identical dielectric loss, but different coefficients, and reveals
that increasing coupling can also turn a positive group delay into
a negative one; this is consistent with causality since increasing
coupling in a coupled-line phaser corresponds to increasing
dispersion. This example shows that it is important to carefully
consider loss in highly dispersive phasers. Practical phasers
are not expected to operate in extreme dispersion regimes such
as the negative group-delay regime, which is characterized by
prohibitively high loss and narrow bandwidth, severely altering
the integrity of the signal. If a phaser cannot exhibit sufficient
dispersion, and hence, resolution to meet specifications, then
it must be implemented in another technology (e.g., reflection
type [17] or phaser placed on dispersive medium [35]).

B. Wave Interference Phenomenology in HC and CCL Phasers

Consider again a coupled-line coupler terminated with load
of arbitrary all-pass transfer function and a corresponding signal
flow graph of the type shown in Fig. 7(b). Without loss of gen-
erality, consider the termination to be Sy instead of 52 to rep-
resent a general termination. Depending on Sy, the phaser may
be either an CCL or an HC coupled-line phaser. Following the
signal flow graph, the total group delay, 7(#), is given by (9a),
with Sieop = 3. ™58 and Dieep = Y. nb™ Sy

Since the load transfer function, Sy, is assumed to be all-
pass, and in general, dispersive, it may be written as Sy(8) =
eibo(6) — o [ odo

guished as follows.

. Two extreme cases may then be distin-
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coefficients (k2,4 = 0.99 and k2, 5 = 0.999). Only a small frequency band of
interest is shown here.

* Case I: if ¢g = 2mm and 8 # nw (ensuring b # 0), where
m, n are integers, Sp = —+1 so that

Sloop:1+b+b2+b3+b4+b5+b6+...
Floop:b+262+3b3+4b4+5b5+6b6+....

This represents a constructive loop-interference situation
where both Sigop and I'igop are maximized, resulting in a
maximum group delay according to (9a).

e Casell: if pg = (2m + 1)m and 8 # nm, where m, n are
integers, Sy = —1 so that

Stoop = 1 —b+ b7 — >+ b — % +85. .
Tioop = —b + 26> — 3b° 4+ 4b* — 56° +60°. ...

This represents a destructive loop-interference situation
where both S}, and I'ioep are minimized, resulting in a
minimum group delay according to (9a).

Let us examine the different types of coupled-line phasers
at the light of these observations. First, consider the case of a
nondispersive termination, Sy, i.e., a termination with a constant
nonzero group delay. Fig. 9(a) shows the typical delay response
7[521] of such a phaser. The following two observations can be
made.

* The group-delay peaks occur around the regions where the
phase of the load ¢, is a multiple of 27, as expected from
Case I above, and vice-versa for the group-delay minima.
This is exactly the case for the highest peaks and progres-
sively less from the case for lower peaks.

* The group-delay peaks are uniformly spaced, which is
an expected result from the fact that Sy is nondispersive
(linear phase ¢y).
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Fig. 9. Typical group-delay response of a coupled-line phaser for the case of:
(a) nondispersive and (b) dispersive load, Sg.

electrical length 6 x m

Now consider a dispersive termination Sy as in an HC cou-
pled-line phaser. Fig. 9(b) shows the typical delay response in
such a case. The dispersive characteristics of Sy manifests itself
in the nonconstant nature of the delay 75(6) and in the strong
wavelength compression region around 8 = /2. Again, the
locations of the various group-delay peaks of the phaser occur
around the regions where the phase of the termination ¢¢ is
2mur, and vice-versa for the group-delay minima. Furthermore,
the adjacent delay peaks are now nonuniformly spaced, with
closely packed peaks in the highly dispersive region of Sy. In
conclusion, while the locations of 2ms phase values in ¢, de-
termine the locations of the delay peaks of the phaser, the disper-
sive nature of the termination Sy controls the spacing between
the adjacent peaks.

Finally, consider an CCL phaser, as illustrated in Fig. 10. In
this case, the transfer function of the load of the i = 0 cou-
pled-line section is the transfer function of another CCL phaser
formed between the first section and the sixth section. Compared
to the HC coupled-line phaser, the closed-form expression of
Sy is not readily available, as it must constructed iteratively, as
done in the Appendix , Section C. In this situation, a more qual-
itative approach may be followed to deduce the effects of Sy
in an CCL configuration. The termination function 5, may be
seen as a regular C-section, having a transfer function S§ of
the same size with small perturbations in the coupling coeffi-
cients along the structure. Since a conventional C-section has a
periodic delay response with uniformly spaced peaks, the CCL
phaser must exhibit a similar delay pattern in the small pertur-
bation limit. Fig. 10(a) confirms this prediction, as 79(8) closely
resembles the delay response of a regular C-section, 75 (8),
except at the two extreme ends where the peaks are slightly
smaller. Once the termination Sy is known, the delay response
of the overall phaser can be easily found. Fig. 10(b) shows the
overall group delay of the phaser, and as described above, the
locations of the various group-delay peaks of the phaser occur
around the regions where the phase of the termination ¢ is a
multiple of 27. Moreover, since these 2m locations of ¢q(6)
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Fig. 10. Typical group-delay response of an CCL phaser. (b) Group delay of S
in an CCL phaser, compared to that of a regular C-section of equivalent length.
(b) Group delay of the CCL phaser related to the transmission phase of Sy. All
the lengths are assumed to be equal and k; < k;11 Vi in the case of an CCL
phaser.

are quasi-uniformly spaced, the resulting delay peaks in 7[Sa1]
are also quasi-uniformly separated in 4.

The CCL phaser results in Fig. 10 might give the impres-
sion that the CCL configuration provides little benefit over a
simple C-section since responses shown are very similar. How-
ever, the results of Fig. 10 are obtained for coupled-line sections
of identical length and small coupling variations, for the sake
of the phenomenological explanation. However, if the section
lengths are allowed to be different from each other and if the
coupling coefficients are allowed to vary more, the CCL con-
figuration may synthesize a great diversity of group delay func-
tions, which is clearly impossible using the single C-section of
corresponding length [22].

IV. CONCLUSION

Generalized coupled-line all-pass phasers, based on CCSs,
CCLs, and HC coupled transmission line sections, have been
presented and demonstrated using analytical, full-wave, and ex-
perimental results. The corresponding analytical transfer func-
tions have been derived using matrix methods, which have been
found to accurately model the unique group-delay characteris-
tics of these phasers. It has been shown that in contrast to the
CCS phaser, CCL and HC coupled-line phasers, consisting of
N coupled sections exhibit N group-delay peaks within a har-
monic frequency band. Moreover, for a given maximum achiev-
able coupling coefficient, the HC configuration provides the
largest group-delay swing, at the expense of reduced bandwidth,
around the peak locations. This follows from the fact that the
area under the group-delay curve is N7 regardless the configu-
ration.

Based on the typical group-delay characteristics, it has been
shown that the CCS configuration is best suited for broadband
phasers, while the CCL and CCS configurations are more suit-
able for narrowband applications requiring large group-delay
swings. A rigorous wave-interference analysis has been applied
to the coupled-line phasers so as to provide deep insight into
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Fig. 11. Generalized coupled-line all-pass phaser consisting of unlimited com-
binations of CCS, CCL, and HC structures.

the delay mechanisms and the unique group-delay characteris-
tics of CCL and HC coupled-line phasers based on wave propa-
gation phenomenology. The CCS, CCL, and HC configurations
represent the three fundamental cascading schemes upon which
more complex phasers may be constructed to obtain diverse and
rich dispersion characteristics. An illustration of such a con-
struction is shown in Fig. 11, which combines CCS, CCL, and
HC topologies into a general coupled-line phaser configuration.
Such a configuration enables virtually unlimited group-delay re-
sponses, and are anticipated to be useful in synthesizing efficient
transmission-line phasers for various R-ASP applications.

APPENDIX

A. Explanation of the Terminology “Phaser”

The terminology “phaser” is meant here to represent elec-
tromagnetic signal processors that produce specified frequency
sweeping effects in real time [1]. This terminology has been
recently used by the authors to designate devices exhibiting
diverse and specifiable group-delay (or phase) responses versus
frequency, i.e., 7 = 7{(w), for various R-ASP applications.?
However, “phaser” has been used before in acoustics to desig-
nate devices producing frequency sweeping effects in real-time
(chirping effects) [36], [37] and to designate ferrite phase
shifters with typically nonlinear phase-frequency relationships,
although the devices were not specifically used for signal
processing [38], [39]. Thus, R-ASP phasers referred to herein
are devices bearing fundamental commonalities with acoustic-
and ferrite-based phasers. Table I places the term “phaser” in
global context using comparison with filters, all-pass equal-
izers, acoustic phasers, and ferrite phasers.

B. Derivation of the C-Section Transfer Function (la)

Consider an ideal lossless, perfectly matched, and perfectly
isolated TEM backward-wave coupled-line coupler, shown in

2In general, the group-delay function is nonconstant (corresponding to a non-
linear phase function versus frequency) since group-delay discrimination is nec-
essary for processing. However, one may consider the constant group-delay
function as the particular case where the phaser reduces to a simple phase shifter.
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TABLE 1
CONTEXTUALIZATION OF THE TERMINOLOGY “PHASER” BY COMPARISON
WITH FUNCTIONALITIES AND FEATURES OF OTHER RELEVANT DEVICES

o Structures or networks suppressing electrical or sound
waves of unwanted frequencies [40][41].

e Magnitude engineering of the transfer function between
input port (port 1) and output port (port 2) versus fre-
quency, i.e. |S21(w)| = f(w), where f(-) is an specified
function of frequency w.

e Minimal specification on phase response £S21(w) =
¢(w) although linear phase is most often preferred.

o Guided-wave operation where the signal is channeled
from the input port to the output port, with frequency
selective surfaces (FSSs) being its radiative-wave coun-
terpart [42].

Filters

o Structures or networks compensating or equalizing phase
nonlinearities of the input signal versus frequency [41],
[43], [44].

o Phase engineering of the transfer function between the
input port and the output port versus frequency, i.e.
£821(w) = f(w), where f(-) is a specified function
of frequency w.

o Theoretically infinite full
[S21(w)| =1, Vw.

All-pass
Equalizers

transmission bandwidth

o Electronic sound processor filtering an acoustic signal
by creating dynamic series of peaks and troughs in the
signal’s spectrum, so as to produce a sweeping effect of
acoustic frequencies in real-time [36][37].

e Variation in instantaneous frequency w(t) achieved by
real-time magnitude engineering.

o |S21(w)| # 1 in the operation frequency range.

Acoustic
Phase
Shifters

or Phasers

e Magnetic structures and waveguides achieving specified
phase-shifts £S21(wo) = ¢o at a given frequency
wo [381[39].
Single frequency design with phase tuning by magnetic
bias Bg [45].
o Desired |S21(wo) = 1| and ideally ZS21 # f(w) [46].

Ferrite
Phase

Shifters .
or Phasers

o Electromagnetic signal processors producing specified
sweeping effects of frequencies in real time [1], [7], [16],
[17], [25], [26], [28].

e Variation in instantaneous frequency w(t) achieved by
phase/delay engineering.

e Phase/group delay engineering between the input port
and output port versus frequency in a given bandwidth,
ie. T(w) = —d¢(w)/dw = f(w) where w € (w1, w2,
where f(-) is a specified function of frequency w.

o |S21(w)| =1 within w € [w1, wa] [20].

o Generalized term applicable to electromagnetic networks
[16][20], structures [23][25] and materials [35] operated
either in guided-wave or radiated-wave mode [8], capable
of doing signal processing in real-time.

Electro-
magnetic
Phase
Shifters

or Phasers

Fig. 12(a). The four-port scattering matrix of such a coupler is
[47]

vy 0 b6) ad) O w1
o | _we 0 o e e
b | T la® 0 0 b | v
L 0 a(d) b)) 0O v
where
B jksind
b(6) = V1 —k2cosf + jsind (122)
a(d) = v1- & (12b)

vV1—k%2cosd + jsind
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Fig. 12. Coupled-line phaser configurations. (a) C-section terminated with an
arbitrary load of transfer function So. (b) CCL phaser.

and k is the coupling coefficient. The connection via a two-
port of transfer function Sy of ports 3 and 4 corresponds to the

relationship
3-8z
’€U4 So 0 n

Subsequently prescribing ¥§ = S, and 1] = Spv5 in
(13) transforms the four-port coupled-line coupler into a (two-
port) C-section described by the following set of equations:
Y1 = by +aSoyy, ¥y = b+ bSovy ¢y = ay /(1 -
bSp), and ¥, = a3t /(1 — bSy). These relations lead to the
two-port transfer function

(13)

¢l— a,2,5'0
So1(8)=-==10 . 14
21(0) o) +lbeo (14)
For Sy = 1, this function may be explicitly written as
g (6)_(vl—l—kcosﬁ—jvl—ksinﬁ)
A v1+kcos8 —jv1—ksind
p— jtand 1+k
==L h =4/—
<p+jtan0>’ where p 1—k (15)

C. Derivation of the CCLs Phaser Transfer Function (35)
Consider the CCL sections of Fig. 12(b). The transfer func-

tion Sy of the last coupled section is given by

Sn(8) = (M) (16)

pN + jtanfy

where py = /14 ky/1 — ky. Using (2), with Sy = Sy,
the transfer function of the structure looking into the (N — 1)th
section is found as

2
ay 15N

_1(0) = by EEE L
Sn-1(9) N1+1—bN71SN

an

Similarly, the transfer function of the structure looking into the

(N —2)th section can be written in terms of the (N —1)th section
as
2
ay _9SN-1
Sn-2(0) =bn- —_— . 18
N-2(0) = bn 2+1_bN725N71 (18)
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Generalizing this procedure, the transfer function of the struc-
ture looking into the ith section can be iteratively expressed in
terms of the (i 4 1)th section as

2
a;Sit1

Si(8) = b;
(©) S

(19a)

with

(19b)

kl 62
bs(0) = Jkisin
/1 —kZcosb; + jsiné;
) Vi
a; = .
/1 —kZcosb; + jsinb;
Following this iterative procedure from end to the input of the

structure, the overall transfer function of a CCL phaser is found
as

and

(19c¢)

a3 S2(0)

Sl(e):b1+71—6152(0)'

(20)

D. Proof of the Constant Area Under the Group-Delay Curves
for CCS, CCL, and HC Phasers

The proof the the area under the group-delay curves for the
CCS, CCL, and HC phasers is constant may be conveniently in
the low-pass Laplace domain. Consider first the transfer func-
tion of C- and D-sections, given by (1a) and (3a), respectively,
which become under the high-pass-to-low-pass transformation
s = j = jtané

C—section _ (P SY Hl(s)

Sn (s) = <p+s> = Hi(—s) (21a)
D —section _ pPi— 8 p;k — 8 _ H2(s)

*a () = (pi +S> <p? +8> N

where H;(s) and Hs(s) are first- and second-order Hurwitz
polynomials, respectively, and p; is a function of p, and pg,
which are defined in (3).
A general Nth-order all-pass phaser can be expressed
in terms of an Nth-order Hurwitz polynomial, Hy(s) =
Nopen_18V Y 4o 4 ¢1s + ¢g, where ¢, € R, which can
always by decomposed as a product of first- and second-order
polynomials

-8 pn B (22)

So1(s
1 (s) = pﬁsp .

H pm*

P m

This means that any /Vth-order all-pass phaser can be realized
using p C-sections and g D-sections such that N = p + 24.
Consequently, the area under the 7 — ¢ curve of a Nth-order all-
pass network can be deduced from those of its C- and D-section
constituents.

The area under the group-delay curve of an all-pass phaser in
a half harmonic period (for symmetry) is

/2
7= / 7(60)d8 = $(0) — (r/2) 23)
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where the relation 7(8) = —d¢(6)/df has been used. In the
Laplace domain, following from s = j tan 6, the above expres-
sion becomes

I'=¢4(0) = ¢s(joo). 24

For a single C-section, corresponding to a first-order polynomial
in s = a + jo, the phase expression, using (21a), is

bs(s) =tan! <a0p> — tan 1 <aip> . (25)

Since, subsequently,
¢s(0) =0,
6a(jo0) = ~2 tan ! <5>
P

=—-7 (26)

oT=0C

we have I = ¢,(0) — ¢5(joo) = 7. Thus, the area under the 7
— @ curve of a single C-section is 7.

Similarly, from (21b), the transmission phase of a single
D-section

o(s) = tan~! <y—a> —tan! (i{j—;) 27

r—«

—tan~! (y—l—_a) +tan ! <y — a) (28)
T+« T+«

using p = x + jy. Since
?s(0) =0

i) =2 on? (122) -t (1)

= —2r (29)

we have I = ¢,(0) — ¢5(joo) = 2n. Thus, the area under the 7
— @ curve of a single D-section is 27.

From (22), the area under the 7 — @ curve of a general phaser
of the Nth order is pr + ¢(27) = (p + 2¢)m = N with (pr)
contributed by the p C-sections and (2¢7) contributed by the
q D-sections. Finally, since the transfer function of the CCS,
CCL, and HC phaser configurations can be all represented in
terms of Hy(s), the area under the 7 — ¢ curves is N7 in a
given harmonic period for all three cases.
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