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Abstract—A class of RF multi-functional input-reflectionless
dispersive-delay structure (DDS) with linear-type in-band group-
delay variation and sharp-rejection bandpass-filtering capability
is reported. It exploits a two-branch-channelized /balanced-type
circuit with similar low-order reflective DDS units inside its chan-
nels, which are connected through input/output 3-dB quadrature
wideband couplers. The adopted DDS unit is based on a coupled-
resonator network with a frequency-dependent cross-coupling. It
introduces a pair of complex transmission zeros (TZs) to shape
the intended in-band group-delay profile. Unequal transmission-
line-based phase-shifting sections are also inserted at the outputs
of both channels. In this manner, an input-absorptive behavior
and selectivity enhancement with TZ generation are attained by
means of transversal signal-interference techniques at the overall
input and output nodes, respectively. Moreover, as the transfer-
function phase term of the interference action in transmission is
linear with frequency, the total group-delay pattern is defined by
the DDS unit of the channels. As practical validation, a 1.5-GHz
proof-of-concept microstrip prototype is constructed and tested.

Index Terms—Absorptive filter, bandpass filter, channelized fil-
ter, coupling-matrix synthesis, dispersive-delay structure (DDS),
frequency-dependent coupling, group delay, microstrip filter,
planar filter, reflectionless filter, RF-analog-signal processing,
signal interference, transmission zero (TZ), transversal filter.

I. INTRODUCTION

N ORDER to handle the ever-growing number of users,

RF wireless systems have to constantly improve their per-
formance in more-efficient realizations. One of the emerging
trends to enable such evolution is the design of RF devices
that can perform several functionalities simultaneously. This
approach leads to more-compact RF structures that can fully
replace cascades of various mono-functional RF components
in traditional RF-front-end chains. Within this background, an
increasing interest is lately being detected on multi-functional
RF filtering devices, such as multi-mode switchable filters [1],
[2], co-designed filtering power dividers [3]-[5], differentially-
fed filtering antennas [6], and ultra-wideband bandpass filters
with embedded adaptive notches [7], among many others.

It is well known that most of conventional RF bandpass
filtering devices allow signal transmission within the band
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of interest while inhibiting it outside their passband by re-
flecting the unwanted frequencies. However, these out-of-band
RF power reflections can severely interfere the operation of
preceding RF active stages, such as amplifiers and mixers,
by inducing them to work in non-linear regime or by gener-
ating additional spurious terms. This may potential lead to
the malfunctioning of the entire RF front-end chain. As a
result, the incorporation of reflectionless behavior in bandpass
filters by making them to be lossy within their stopband
range is a desired feature. This has been accomplished in
the past by means of different design strategies with their
benefits and drawbacks, such as the employment of two-
branch /balanced circuits [8], [9], lossy circuits with even/odd-
mode sub-network compensation [10], [11], complementary-
diplexer topologies [12]-[15], filters with lossy matching
networks including dissipative stubs [16]-[18], and transistor-
based active cells with absorptive features [19].

On the other hand, once the desired RF signal has been
acquired after RF bandpass filtering, it is then processed to
extract the information or to prepare it for further transmission.
This can be carried out by means of digital-signal-processing
blocks, although with some limitations. Firstly, the signal must
be converted from the analog to the digital domain, which
leads to some quality degradation. Secondly, the performance
of analog-to-digital converters, as well as of digital-signal-
processing devices, deteriorates at high frequencies. Thirdly,
the digital approach is more energy-consuming and suffers
from heat-dissipation issues, which hinders its use in modern
low-power/energy-efficient/green RF transceivers. A suitable
alternative in this scenario is RF-analog-signal processing,
which can overcome all the aforementioned shortcomings [20].

RF-analog-signal processing has found a wide range of ap-
plications, especially in the last few years. Several types of RF-
analog-signal processors have been reported in the technical
literature, such as phase-equalization circuits [21], frequency-
discrimination devices [22], time stretchers of the RF signal
[23], and pulse-position modulators [24]. As their fundamental
circuit elements, all these RF-analog-signal-processing sys-
tems are based on dispersive-delay structures (DDSs). They
operate over the RF signal by introducing a specific delay
to each spectral component. This operation can be realized
by means of different approaches, such as chirped lines [25],
surface-acoustic-wave (SAW) devices [26], Bragg-grating sec-
tions [27], magnetostatic-wave (MSW) circuits [28], compos-
ite right/left-handed (CRLH) transmission lines [29], cascaded
C-sections [30], and coupled-resonator filters [31]—[33].

In this brief, an RF multi-functional input-reflectionless
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Fig. 1. Conceptual block diagram of the proposed RF input-reflectionless
sharp-rejection filtering DDS (Ports of the coupler: 1l-input; 2-direct; 3-
coupled: 4-isolated; Zy: reference impedance; 61 and 62: electrical lengths;
Tg: group delay; f: frequency; TXL: transmission line).

filtering DDS using a two-branch-channelized /balanced circuit
is presented. This co-designed RF device exhibits following
features: (i) bandpass filtering response, (ii) high selectivity
owing to the presence of transmission zeros (TZs), (iii) in-
band linear-type group-delay shape, and (iv) broad-band input-
absorptive behavior. To the best of the author’s knowledge, this
is the first time all these functionalities are combined in the
same RF component. Moreover, the group-delay characteristic
and the selectivity-enhancement/input-reflectionless capabili-
ties are designed separately, without affecting each to the other.
The rest of this brief is organized as follows: the circuit
architecture and basic theoretical foundations of the proposed
concept of RF input-reflectionless filtering DDS with TZs are
detailed in Section II. For experimental-validation purposes,
the simulated and measured results of a manufactured proof-
of-concept microstrip prototype centered at 1.5 GHz are shown
in Section III. Finally, a summary and the most relevant
concluding remarks of this brief are provided in Section IV.

II. THEORETICAL FOUNDATIONS

The conceptual circuit architecture of the proposed approach
of RF multi-functional input-reflectionless sharp-rejection fil-
tering DDS is presented in Fig. 1. As can be seen, it is inspired
on the hybridization of balanced- and two-branch channelized
topologies that have been separately applied in the past to
absorptive and high-selectively bandpass filter design [9], [34].
The channels are made up of an identical low-order reflective
DDS unit and a different transmission-line-based delay section
at their outputs. In this manner, both channels exhibit the
same amplitude transmission response—which is defined by
the DDS unit—but distinct phase transmission responses due
to the output phase-delay sections. The two channels are inter-
connected by means of input/output 3-dB quadrature couplers
for 90°-offset RE-power-division/combination purposes.

By assuming that the 3-dB quadrature couplers are ideal, the
analytical expressions for the overall input-power-reflection
and transmission parameters in magnitude, |S7;(f)| and
|SL, (f)], respectively, are as follows:

ISEHI=0 ISP = ISE5(HIISHY (P, (D)
—301(f) .
Sav’(f) = % (1+e720n) @

where AO(f) = 0o(f) — 01(f) and SPPS(f) and SHY(f) are
the power transmission parameters of the low-order DDS unit
and the transversal signal-interference term, respectively. The
formula of the overall group-delay Tf (f) is given by
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where 7PPS(f) is the group-delay response of the DDS unit
and TgA is a constant-frequency group-delay term associated
to the transversal signal-interference action in transmission.
Therefore, from (1)—(3), the RF operational principles of the
overall circuit in Fig. 1 can be summarized as follows:

e In reflection, the RF-power echoes coming from the
reflective low-order DDS units in their out-of-band re-
gions inter-cancel out at the overall input port—as they
appear with the same magnitude but with opposite phases.
Hence, any out-of-band reflected RF power is dissipated
in the resistor loading the isolated port of the input cou-
pler. Thus, an input-reflectionless behavior is obtained.

¢ In transmission, the low-order filtering response of the
DDS units is transformed into a sharp-rejection filtering
profile. This is due to the transversal signal-interference
phenomenon inherent to the total circuit owing to the ac-
tion of the transmission-line-based phase-delay sections.
Furthermore, the overall group-delay shape is fully deter-
mined by the one designed for the low-order DDS unit.

Further explanation about the referred RF operational founda-
tions of the devised input-reflectionless filtering DDS through
the description of its main building blocks is provided below.

A. Low-Order DDS Units

For the design of the low-order DDS units that are em-
bedded in both branches of the RF multi-functional circuit in
Fig. 1, the coupled-resonator approach that was introduced in
[33] is employed. In particular, as illustrated in the coupling-
routing diagram provided in Fig. 2(a), a third-order circuit
network in the form of a triplet with a frequency-dependent
cross coupling is utilized. This frequency-variant cross cou-
pling allows the generation of two complex TZs, which are
essential for the shaping of the desired group-delay profile.

In the specific example that is presented in this work, an in-
band group-delay profile that increases linearly with frequency
was targeted in the synthesis process of the low-order DDS
unit. Its center frequency is chosen as fy = 1.5 GHz, whereas
the bandwidth for which the group delay is linear is 80 MHz.
The maximum in-band group-delay variation is 4.18 ns, which
gives rise to a slope coefficient equal to 52.28 ns/GHz. The
theoretical input-power-reflection, transmission, and group-
delay responses of the synthesized third-order DDS unit—in-
band detail—are represented in Fig. 2(b). The values of the
self-resonant and coupling coefficients in the lowpass domain
for this design example are listed in the caption of this figure.
As demonstrated, the intended linear-type group-delay shape is
realized, along with a third-order reflective-type filtering action
with in-band input-power-matching levels above 20 dB.

B. Transmission-Line-Based Phase-Delay Sections

The main purpose of the transmission-line-based phase-
delay sections with electrical lengths 6; and 65 and character-
istic impedance Zj is to increase the selectivity in the over-
all filtering response through frequency-dependent transversal
signal-interference phenomena. This is revealed by (1) and (2),
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Fig. 2. Synthesized DDS unit based on a third-order coupled-resonator
network with frequency-dependent cross coupling. (a) Coupling-routing di-
agram (white circles: source (S) and load (L); black circles: resonating
nodes; continuous lines: constant couplings; continuous line with arrow:
frequency-dependent coupling). (b) Theoretical power-transmission (]S21),
input-reflection (|.S11]), and group-delay (74) responses (M1; = —0.236,
Moo = 0.332, M3z = —0.214, Mgy = 1.251, Mi2 = 1.073,
Moz = 1.149, M3y = 1.422, and M3 = —0.432Q + 0.558;
Q = (1/A)(f/fo — fo/f): normalized frequency; fo = 1.5 GHz and
A = 0.0533).
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Fig. 3. Theoretical power transmission response (|S21]) of the RF input-
reflectionless sharp-rejection filtering DDS in Fig. 1—along with the one of
its constituent third-order DDS unit in Fig. 2—for different values of n.

which shows that the overall transfer function in magnitude is
given by the product of the one of the low-order DDS unit and
a transversal signal-interference term in transmission mode.
Specifically, constructive signal combination at the low-order
DDS center frequency fp and destructive signal interactions
to generate TZs at its out-of-band region must be produced.
By assuming that 02(fo) > 61(fo) without loss of generality,
this is accomplished if the design equation below is satisfied:

AO(fo) =2nm, mneN. 4

Under this design condition, a total of 2n TZs are generated
in the frequency range [0,2f;]. The formulas of the closest-
to- fo lower and upper TZ frequencies, f.; and f,,, are

so that the spacing between them is Af, = f.., — f.1 = fo/n.
Thus, as n is increased, a higher number of out-of-band TZs
and sharper cut-off slopes are obtained at the expense of a
larger different between the lengths of the transmission-line
segments—i.e., higher size and loss in a practical realization.
This is corroborated by Fig. 3, which shows the theoretical
power transmission response of the overall input-reflectionless
sharp-rejection filtering DDS in Fig. 1—along with the one of
its building third-order DDS unit for comparison purposes—
for the DDS design example in Fig. 2 and several values of n.

Finally, as a key feature of the two-branch channelized-
circuit architecture in Fig. 1, it should be remarked upon that
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the previously-referred increase of selectivity in the overall
transfer function through multi-TZ creation is carried out
without any effect on the overall group-delay shape. Indeed,
as expressed in (3), the transversal signal-interference action
in transmission only adds a constant-frequency factor in the
overall group-delay response, whose pattern comes determined
by the one designed for the low-order DDS unit. Specifically,
under the design condition in (5), it can be demonstrated that
such constant-frequency group-delay term is as follows:

T T T a2 o
From the previous description, it is revealed that the design
procedure to achieve the different performance features in
the engineered RF multi-functional input-reflectionless sharp-
rejection filtering DDS can be decorrelated, as follows:

1) Intended overall group-delay profile with the synthesis of
the low-order DDS units in the branches.

2) Increase of the overall filtering selectivity through
out-of-band multi-TZ creation with the design of the
transmission-line-based phase-delay sections, where A f,
must be larger than the low-order DDS passband width.

3) Input-absorptive behavior obtained intrinsically from the
two-branch balanced-circuit architecture by means of the
action of the 3-dB quadrature coupler at the input access.

III. EXPERIMENTAL RESULTS

Ao 1 d(£85i(f) 1 (91(f0) ) ©)

In order to demonstrate the experimental viability of the en-
gineered approach of RF multi-functional input-reflectionless
sharp-rejection-filtering DDS, a proof-of-concept prototype in
microstrip technology has been manufactured and characte-
rized. It corresponds to the design example illustrated in
Fig. 3 of Section II for n = 3—i.e., Af(fy) = 1080° with
fo = 1.5 GHz— and a reference-impedance level Z, = 50 €.
For circuit fabrication, a Rogers’ laminate RO4003 substrate
with the following parameters was used: dielectric constant
&, = 3.55, dielectric thickness A = 0.508 mm, dielectric loss
tangent tan(dp) = 0.0027, and metal thickness ¢ = 17.4 pm.
The simulations and optimization processes were carried out
with the electromagnetic (EM) software package Ansys HFSS,
whereas the measurements in terms of S-parameters were
performed with an Agilent E8361A vector network analyzer.

In the DDS units of each channel, which consist of a third-
order coupled-resonator network with a frequency-dependent
coupling, the resonators were implemented as open-ended
half-wavelength-at-1.5-GHz transmission-line segments. The
dispersive coupling that is responsible for creating the two
complex TZs, which are needed to shape the intended phase
response, was also realized as an open-ended stub [33], [35].

Regarding the input/output 3-dB quadrature couplers, a
three-stage version of the coupled-line coupler reported in [36]
was utilized. It allows a compact physical realization while
enabling a wide-band behavior in terms of 3-dB splitting factor
and 90° phase offset between output ports, which is essential to
enlarge the input-reflectionless range of the overall RF device.

The layout—with indication of dimensions in mm-—and
photopragh of the manufactured microstrip prototype of input-
reflectionless channelized filtering DDS are depicted in Fig. 4.
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TABLE I
PERFORMANCE COMPARISON WITH OTHER PRIOR-ART DDS DEVICES

Technology | GD profile | Frequency range (GHz) | At (ns) | In-band IL (dB) | Asymmetry [ TZs | Reflectionless

[23] Microstrip Linear 4-6

[31] Microstrip Linear 2.4-2.6
[32] Waveguide Linear 9.9-10.1
[33] Waveguide Linear 9.833-10.068
[33] Microstrip Linear 19.355-2.065
[33] Microstrip Stepped 1.905-2.095
T.W. Microstrip Linear 1.401-1.479

3.204 5 v X X
7 3.75 v X X
1.6 0.9 X X X
2.24 0.88 v X X
0.61 1.22 v X X
1.08 1.69 v X X
3.8 5.76 v v v’ (input)

T.W.: this work; GD: group delay; IL: insertion loss; TZs: transmission zeros.
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Fig. 4. Manufactured microstrip prototype of input-reflectionless channelized
filtering DDS. (a) Layout (dimensions in mm). (b) Photograph.

If necessary, further circuit-size reduction levels can be
achieved by using fractal geometries or stub-loading tech-
niques in the delay lines to make them electrically shorter,
as respectively demonstrated in [37] and [38] for other
transmission-line-based passive devices. Its EM-simulated and
measured power-transmission, input-reflection, and in-band
group-delay responses are compared in Fig. 5. As can be
seen, apart from some additional loss in the experiment due
to the different loss mechanisms of the circuit, a reasonable
agreement between simulations and measurements is obtained,
hence verifying the devised concept of multi-functional input-
absorptive filtering DDS. Note that higher in-band insertion-
loss levels are obtained in the upper region of the passband,
which is a logical result as the in-band group delay increases
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Fig. 5. EM-simulated and measured power-transmission (|S21|), input-
reflection (|.S11]), and in-band group-delay (74) responses of the manufac-
tured microstrip prototype of input-reflectionless channelized filtering DDS.
(a) |S21| and |S11]. (b) 74.

linearly with frequency. The main measured performance met-
rics of the developed microstrip circuit of input-reflectionless
filtering DDS are as follows: center frequency of 1.44 GHz,
bandwidth equal to 78 MHz or 5.4% in relative terms—
referred to the region in which the group delay is linear—,
maximum in-band group-delay variation of 3.8 ns—i.e., group-
delay slope coefficient of 48.72 ns/GHz—, minimum in-
band power-insertion-loss level of 5.76 dB, and minimum in-
band input-power-matching level equal to 20.8 dB. The mea-
sured 10-dB-referred input-reflectionless range is 0.783-2.278
GHz—i.e., 2.91:1 ratio. Besides, multiple TZs are created
with those that are adjacent to the passband being located at
1.247 GHz and 1.78 GHz. A performance comparison of this
DDS device with other prior-art DDS components is given in
Table 1. Note finally that, if needed by the intended application
and like in its two-branch channelized filter precursor in [34],
amplifier stages can be incorporated in the two branches of
the input-reflectionless filtering phase-shifter circuit to com-
pensate its relatively-high in-band insertion-loss levels.

IV. CONCLUSION

A type of co-designed RF circuit that simultaneously per-
forms the DDS, sharp-rejection bandpass filtering, and input-
reflectionless functionalities has been presented. It consists of
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a channelized topology with identical low-order DDS units
and different output-phase-delay sections at its two branches.
The overall group-delay profile is determined by the one of the
DDS unit, which increases linearly with frequency. Separately,
the RF-input-absorption and selectivity-enhancement capabili-
ties are realized through transversal signal-interference effects
in reflection and transmission modes. The design foundations
of the engineered input-reflectionless filtering DDS approach
have been described. Furthermore, a demonstrative microstrip
prototype centered at 1.5 GHz has been built and tested, show-
ing a close agreement between simulations and measurements.
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