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The article studies the current state and prospects for the development of broadband digital frequency
synthesisers with low phase noise based on superconducting logic elements and arrays of Josephson junctions.
It is shown that current developments are progressing along three complementary lines: large-amplitude
metrological JAWS systems, microwave and VHF RF-JAWS with integrated cryogenic filters, and digital
RSFQ/xSFQ/xeSFQ spectrum shaping systems. The main unresolved problems are highlighted: parasitic
leakage of the control signal to the output, dispersion and non-uniform excitation of long arrays, the
complexity of scaling the digital front-end, and the lack of built-in self-calibration of the quantum capture
mode. A hybrid DDSJAWS architecture is proposed, combining a multiphase or clock-free SFQ front-end,
a segmented JAWS output array, a differential mirror compensation path, and an embedded low-frequency
QLR self-calibration. Mathematical models are presented for estimating the residual phase shift in the
segmented array, the noise transfer function of a band-pass delta-sigma modulator, and the reduction of the
quantum capture operating area.

Keywords: Josephson effect; JAWS; RF-JAWS; RSFQ; xSFQ; digital frequency synthesis; phase noise;

quantum trapping; cryogenic equalisation; single-flux quantum logic

DOI: 10.64915/RADAP.2026.104.15-22

Introduction

The synthesis of ultrahigh-frequency signals, milli-
metre and sub-terahertz bands with low phase noise
is one of the key challenges in modern radio engi-
neering. For radio astronomy systems, high-precision
spectroscopy, 5G/6G transceivers, satellite communi-
cations and quantum measurement systems, sources
that simultaneously provide a wide tuning range,
high spectral purity, good amplitude linearity and
reproducibility of parameters in time are required. On
a traditional CMOS/SiGe platform, achieving such a
combination of characteristics is complicated by the
rapid increase in phase noise, jitter and requirements
for multi-stage frequency multiplication. A physical
alternative is the use of the non-stationary Josephson
effect and SFQ-class logic elements, in which the
frequency and pulse width are tied to fundamental
constants [1-7].

The aim of the article is to build a complete
synthesizer architecture suitable for broadband radio-
technical implementation. Therefore, based on an
analysis of global developments, this article will iden-
tify what physical and circuit limitations currently
hinder the development of superconducting frequency
synthesizers, and will propose a new architecture that

combines the quantum precision of JAWS with the
digital flexibility of the SFQ front-end and provides
phase noise reduction.

1 The Analysis of Research and
Publications in Which the
Solution of the Problem Was
Initiated

1.1 Fundamental Prerequisites and
Early Metrological Implementa-
tions

The fundamental basis of this direction is di-
rectly linked to B. Josephson work, in which new
tunnelling effects in superconductors were predicted
[31]. The practical application of this effect began to
develop actively with the advent of a pulse-controlled
programmable Josephson voltage standard [14]. The
next step involved work on generating both DC and AC
voltages on the JAWS platform [17], the development
of isolated circuits for waveform synthesis [29], as
well as the analysis of the technological principles
of creating next-generation Josephson standards [11].
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A separate branch was the application of Josephson
sources in noise thermometry and related precision
measurements [22], whilst a review of the state of
Josephson metrology was performed in a review paper
[7]-

These publications laid down two principles that
remain crucial to this day: first, the output voltage of a
Josephson system can be quantum-defined; second, the
amplitude accuracy is achieved not by the final calib-
ration of the analogue DAC, but by the physics of the
transitions themselves. It was precisely this conclusion
that later made possible the transition from metrologi-
cal standards to quantum-precise synthesizers for radio
technical applications.

1.2 The Evolution of JAWS from
Low-Frequency Standards to RF
Synthesizers

The further development of JAWS-systems

proceeded in two directions: increasing the output
amplitude and extending the bandwidth. For precision
measurements, works with 300-mV JAWS and research
into precision measurements on such systems [8],
analysis of operating reserves and control modes of
pulsed JAWS [9], as well as experiments in a cryocooler
without liquid helium [10] became important. A signi-
ficant step forward was the use of multi-level pulse
excitation, which improved the control of quantised
pulses [1]. In parallel, works focused on radio-frequency
applications appeared: quantum-precise synthesizers of
radio-frequency signals for communication tasks [12],
models of quantised pulse propagation in junction
arrays [13], as well as an experimental demonstration
of signal synthesis at the 1 GHz level [2]. Modelling and
characterisation of superconducting circuits at 4 K [15]
became an important engineering component.

The work [16] demonstrated a qualitative
breakthrough in RF-JAWS capabilities: an open-
circuit RMS voltage of 17.56 mV at a frequency
of 1.005 GHz, using zero-forcing equalisation, which
substantially reduced distortion of the current pulses.
In [20] this approach was further developed through
the use of integrated fifth-order superconducting di-
plexers, which increased the open-circuit RMS voltage
at 1.005 GHz to 22 mV, while the amplitude gain
relative to the previous state of the art was about
25%. Furthermore, in work [18] the role of cryogenic
broadband diplexers as a separate functional unit is
demonstrated, whilst in [24] the synthesis of quantum-
precise modulated microwave signals is considered.
In [26] JAWS technology was extended to the VHF
range: 50 mV RMS was achieved at frequencies up
to 50.05 MHz, and the error in the low-frequency
region was investigated in detail. A general overview
of the current state of Josephson-effect applications is
presented in [28].

1.3 Optical and Cryogenic Data Input
into Junction Arrays

A separate line of research is associated with mov-
ing the pattern generator closer to the superconducting
zone or completely replacing electrical data input with
optical input. The work [3] demonstrated the possi-
bility of driving a Josephson junction array from a
photodiode, while in [19] demonstrated an optically
controlled JAWS with bipolar waveform synthesis.
Subsequently, a linear pulse shaper with sub-gigahertz
resolution for controlling superconducting circuits [6]
showed that an optical platform can provide high-
speed pulse-pattern generation with very low phase
instability.

Cryogenic electrical data input is actively develop-
ing towards deeper integration with the JAWS array.
In work [30] electrical excitation of a junction array
from a cryogenic BiICMOS pulse-pattern generator at
a rate of 30 Gbit/s was demonstrated for the first
time, paving the way for a fully integrated JAWS. An
additional confirmation of the scaling trend is the 300-
mV JAWS chip proposed in [4], in which a Wilkinson
power divider and conical structures are used to achieve
a more uniform distribution of microwave excitation.

1.4 Digital Superconducting Logic,

Modelling, and Supporting
Infrastructure
In parallel with JAWS developments,

superconducting digital logic has also evolved. For
quantum computer control systems, the SFQ controller
DigiQ was proposed [21], proving the suitability of
superconducting logic for complex digital coordination
of a large number of signals. For the circuit analysis
of Josephson circuits as distributed flow systems, the
generalised flow-based circuit theory [23] is of great
importance. From the CAD support perspective, a
significant step forward was the introduction of models
that explicitly account for the flow quantisation condi-
tion in the Keysight ADS environment [25], bringing
standard EDA tools closer to the practical needs of
superconducting circuit design.

An important problem in RSFQ-systems remains
route balancing and the associated excess number of
DFF elements. In work [27] it is shown that multi-phase
clocking allows a significant reduction in the number of
DFFs and the number of Josephson junctions; under
the seven-phase approach, the average reduction in the
number of junctions relative to the two-phase archi-
tecture was approximately 59.94%. Thus, the digital
SFQ front-end is gradually acquiring the properties
required for integration with JAWS as the output
quantum DAC.
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2 Identification of Unsolved
Aspects of the General
Problem

Despite significant progress, the problem of wide-
band frequency synthesis with low phase noise based
on superconducting logic elements has not yet been
fully resolved. Firstly, most modern JAWS systems
are oriented toward metrology and use a complex
external pulse-shaping path, whereas SFQ and RSFQ
controllers rarely achieve the output quantum-precise
voltage generation [12,16,20,21].

Secondly, parasitic feedthrough of the control signal
to the output port remains a key practical problem.
Although digital and analogue equalisation, as well
as integrated diplexers, significantly reduce this effect,
they do not eliminate the mechanism of coherent addi-
tion of the parasitic component to the useful quantum
voltage [16, 20, 26].

Thirdly, when scaling junction arrays, dispersion,
mismatches, internal reflections, and excitation nonuni-
formity along the waveguide increase. This directly
narrows the quantum trapping ranges and compli-
cates the stable formation of a wideband spectrum
[2,13,15,29].

Fourthly, modern systems lack a closed-loop self-
calibration circuit that would use low-frequency
information about QLR to automatically adjust FIR
equalizers, amplitude-phase balance, and the array
operating point in real time [16, 20, 26].

3 Research Material

3.1 Basic Physical Model of Quantum

Synthesis

The operation of a superconducting frequency
synthesiser is based on the non-stationary Josephson
effect, according to which the oscillation frequency
in the junction is strictly determined by the applied
voltage

2e

Unlike classical self-excited oscillators, in which the
resonator quality factor, the nonlinearity of the active
element, and temperature drift play a central role, in
the Josephson approach the frequency is related to
fundamental constants. For the junction described by
the RCSJ model, the current can be written as

i Dy dp
() =1 I 2
(t) = Lesing + 5 50 +C

5y 2
2m dt?’

(2)

where I, is the critical current, R is the normal resi-
stance, C is the intrinsic capacitance of the junction,
and ¢ is the phase difference. Each control pulse, provi-
ded that the array operates in the quantum trapping

mode, generates an SFQ pulse with an area of

h
/V(t)dt =)= 5.

(3)
For an array of N series-connected junctions, the
average voltage in the pulse control mode is defined as

Vavg = i]Vfcllch)ODv (4)

where f. is the clock frequency of the pulse driver,
D is the effective density of positive or negative pulses
in the pattern.

In real RF-JAWS, the output voltage is the
convolution of the discrete pattern with the impulse
response of the array [13,16,20,26]. It is this formula
that indicates a linear increase in the useful voltage
with an increase in the number of junctions and the
clock frequency, but at the same time explains why long
arrays are extremely sensitive to dispersion, reflections,
and excitation inhomogeneity non-uniformity [2,4,15].

3.2 Concept of Hybrid DDS-JAWS
Architecture

The proposed four-level hybrid DDS-JAWS
synthesiser architecture is shown in Figure 1.
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Fig. 1. Structural scheme of the proposed hybrid DDS-
JAWS architecture

The first level is a digital superconducting front-
end based on xSFQ/xeSFQ or multiphase RSFQ. Its
purpose is to generate the frequency code, accumulate
the phase, implement AY.-modulation, perform pulse
shaping and distribute pulse patterns among the array
segments. For digital direct synthesis at this level, the
standard relation is used

()

M
fout = 2chllw
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where M is the tuning word, N is the bit width of the
phase accumulator.

The discrete phase update can be given as ¢p[n+1] =
(¢[n] + M) (mod 2%). Unlike the classical DDS, there
is no conventional DAC after the phase accumulator.
Instead, a pulse code for the quantum output array is
generated. The use of a multiphase approach reduces
excessive route balancing and the number of DFF
elements in the front-end [21,27].

The second level is a cryogenic or optical driver that
delivers the generated pattern to the JAWS array with
minimal distortion, using BiCMOS serializers [30], or
optical inputs [3,6,19].

The third level is a segmented JAWS array
integrated into a coplanar waveguide. Segmentation
allows a long-distributed structure to be divided into
M locally matched sections. Each section contains N
junctions, therefore the total number of transitions is
N = MN;. In each segment, local correction of the
phase delay and pulse amplitude is provided, which can
be implemented through controlled SQUID-elements or
adjustable low-inductance superconducting lines.

The fourth level is a differential mirror compensa-
tion path. Unlike conventional equalisation, a
corresponding channel next to the main JAWS array
is formed here, in which quantisation is either absent
or suppressed, while the parasitic component, close to
that arising in the main channel, is preserved. After
balanced subtraction, this component is significantly
attenuated. Such an approach has not been described
in the reviewed publications as an integral synthesiser
architecture, which provides grounds for considering it
a new direction in the development of this topic.

3.3 Analytical Model of Parasitic
Feedthrough and Its Compensation

Let us denote the useful quantum voltage at the
array output as Vj;, and the parasitic component as
V¢4. In a conventional RF-JAWS, the output signal can
be represented as

Vout = V5 + Via. (6)
Let us introduce the relative amplitude of the parasitic

component p = |Viq|/|Vys|. For small p the equivalent
maximum phase error is estimated by the ratio

(7)

where A@nqe: is expressed in radians. If the
feedthrough level is L ;4 dBc relative to the useful tone,
then p = 10(Fs4/20),

For the level of —33 dBc, typical for RF-JAWS with
integrated diplexers [20], we obtain p ~ 0.022, that is
Amae ~ 0.022 rad or about 1.3°. This already noti-
ceably degrades the spectral purity of the synthesiser
and changes the morphology of the QLR [20, 26].

A‘pmam ~ p,

For the proposed mirror path, the output voltage
has the form

Ve =Vis+Vig— OszdejAw =
=Vy5+ Vfd(l — OzejAw), (8)

where « is the amplitude matching coefficient between
the main and mirror paths, and At is the residual
phase mismatch between them. In physical terms, «
characterises how accurately the parasitic component
in the mirror channel reproduces the amplitude of the
feedthrough component in the main channel, whereas
A describes the phase error between these two
parasitic contributions. Therefore, the efficiency of the
proposed compensation method is determined mainly
by the accuracy of amplitude and phase balancing of
the two paths
Pres = p|1 - aejA1/)|' (9)

Hence, the additional attenuation of the parasitic
component, is

G eomp = —201logy |1 — ae?®Y|. (10)
For example, at @ = 0.95 and Ay = 5° the addi-
tional attenuation is about 20 dB, while at a =
0.99 and Ay = 2° it exceeds 25 dB. In this case,
the initial parasitic feedthrough of —33 dBc can be
reduced to approximately —55 dBc, decreasing the
equivalent phase error by almost an order of magni-
tude. Importantly, this scheme specifically deals with
the coherent parasitic component, which is the most
difficult to eliminate by DSP-equalisation alone [16,20,
26).

3.4 Segmentation of the JAWS Array
and Estimation of the Internal
Phase Shift

Let us consider a waveguide array of length L with
an effective phase velocity v,. For the upper operating
frequency fiq. the total phase shift along the array is

vy

e (11)
If the array is divided into M, segments, the phase shift
within one segment will be defined as

© 27 fmaaLl

O, =
M vp M

(12)

Figure 2 shows that segmentation rapidly changes
from a technological option into a physical necessi-
ty as the upper synthesis frequency increases. In the
25-50 GHz range, the use of only one or two segments
no longer provides sufficient excitation uniformity.
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Fig. 2. Phase shift within one segment as a function of
the number of segments M

To ensure relatively uniform excitation within a
segment at the stage of preliminary design, it is
reasonable to require ©; < w/5. This condition
should be considered as a first-order engineering esti-
mate, since a complete description of a real JAWS
array also depends on impedance matching, distri-
buted capacitance and inductance, internal reflections,
and technological non-uniformity of the junctions.
Nevertheless, this simplified criterion is useful for esti-
mating the minimum required number of segments and
gives the following segmentation condition

1O.fmaxL

Up

M (13)

For a chip length of L = 1 mm and an effective phase
speed v, = 1.2+ 108 m/c for fr.. = 25 GHz we obtain
Mg > 3, and for fp,q, = 50 GHz — M, > 5. For a chip
length of L = 10 mm for f,,,, = 25 GHz we already
need M, > 21 elements, and for f,,., = 50 GHz —
M, > 42 elements.

Thus, the required number of segments increases
linearly with the active length of the JAWS-array
and the upper operating frequency. For compact
millimetre-scale structures, a few segments are suffici-
ent, whereas centimetre-scale distributed arrays require
a multi-segment architecture with dozens of locally
matched sections. This imposes additional requi-
rements on synchronisation, phase alignment, local
equalisation, and QLR self-calibration.

The effective coefficient of coherent voltage
summation within a segment can be estimated as

sin(©,/2) ‘ |

o5 (14)

Nseg =~

For small O the coefficient 7,4 tends to unity, whereas
increasing ©4 leads to a loss in the useful-tone ampli-
tude and a narrowing of the operating QLR. Therefore,
segmentation directly increases both the useful ampli-
tude and the stability of spectral characteristics [2,13].

3.5 Model of a Multi-Phase SFQ Front-
End and the Condition for Reduc-
ing Hardware Complexity

For direct digital synthesis on an SFQ-platform, a
significant problem is the excessive number of DFF
elements required for path balancing. In the multi-
phase approach, the load frequency per phase channel
decreases approximately as

fclk
P )

where P is the number of phases. However, the number
of balancing elements decreases the total number of
junctions in the digital front-end also decreases [27]. If
NF,? denotes the number of junctions in the single-
phase front-end, and SB(P) denotes the structural
reduction coefficient, then

NS =BPINS), 0<B(P) <1 (16)

According to [27], the transition to a seven-phase cir-
cuit can provide 8 =~ 0.40 relative to a push-pull
architecture, i.e. approximately 60% reduction in the
number of junctions. For a frequency synthesiser, this
means not only a more compact digital front-end, but
also fewer sources of internal jitter and lower requi-
rements for global clock distribution.

3.6 Delta-Sigma Modulation, Noise
Transfer Function and Multilevel
Pulse Shaping

For wideband signal synthesis, the JAWS system
cannot be limited to a simple uniform pulse stream. It
is necessary to generate a spectrally optimised pattern
that pushes the quantisation noise outside the narrow
operating band. In a simplified form, for a fourth-order
band-pass AX¥-modulator cantered at the frequency f;
the normalised noise transfer function can be written as

4

)

INTF(f)| = ’1 — 2cos (
clk

Qﬁft) 21y 2

(17)
5 = 327 f/ ferr

It is precisely this dependence that forms the basis
of the graph in Fig. 3. It forms a spectral “notch”
near the target frequency and ensures the transfer of
a significant portion of the noise into adjacent bands
[20, 26].
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Fig. 3. Normalised noise transfer function of a fourth-
order band-pass AY modulator

If the pulse excitation has only three levels
{—1,0,+1}, the possibilities for additional spectral
shaping of the excitation sequence remain limited.
Therefore, it is reasonable to consider a transition to
a five-level representation {—1,-0.5,0,+0.5,+1}, in
which intermediate levels are used for finer control of
the pulse spectrum. In this interpretation, the addi-
tional pre- and post-pulse components do not change
the basic quantum nature of the JAWS output, but
make it possible to reduce the low-frequency and
parasitic spectral components of the driving signal.
Such a representation can be regarded as an auxi-
liary pulse-shaping approach that complements the AY
pattern generation and cryogenic equalisation. In a first
approximation, the time form of such a pulse can be
represented as

t t—1T,
I,(t) = Ipsinc <> — 0.51ysinc (”“) —
T T

t+ T,
— 0.5Ipsinc (w> (18)
T

From the standpoint of practical implementation,
it is important to note that the real pulse-shaping
path is described by a cascade of transfer functions
of room electronics Hrr(f), cryogenic filters Hepyo(f)
and interelement connections H,(f). Therefore, full
equalisation should compensate for the product

HE(f) - HRT(f)Hcryo(f)Hint(f)' (19)

In modern RF-JAWS this is performed in stages: EQ1
compensates the DAC, EQ2 compensates S-parameters
of the cryogenic HPF diplexer, and EQ3 compensates
residual cable and parasitic distortions [20]. In the
proposed architecture, a fourth level is added to these
three levels — a balanced compensation level, that
addresses not the pulse shape itself, but the vector
parasitic component.

3.7 Extended Quantum  Trapping
Model and Self-Calibration

In the vast majority of existing works, the QLR
is analysed as a two-dimensional area in the Ij. —

A, coordinates, where A, is the amplitude of the
pulse excitation. For a wideband synthesiser, this
representation is insufficient, since mode stability is
also affected by parasitic feedthrough, path mis-
matches, temperature drift, and internal dispersion.
It is therefore reasonable to introduce a generalised
phenomenological model

2 2 2
Iy — I A, — A €
Zde — 70 + Zp — 40 + (= <1, (20)
AT AA o
where ¢ is a generalised structural error parameter,
that includes residual path, mismatches, and
temperature-time drift. For a fixed ¢ the cross-section

of this area in the I4. — A, plane has an elliptical shape
with a normalised area

S(e) ( 5 )2
—=1—-(—] .
SO Eer
This dependence is used in Fig. 4. It shows that any
reduction in ¢ due to better equalisation, segmentati-

on, or differential compensation directly expands the
operating quantum trapping area.

(21)
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Fig. 4. Normalised cross-sectional area of the QLR as
a function of the structural error ¢,

Therefore, the issue of parasitic feedthrough should
be considered not as a local spectrum improvement,
but as a mechanism for increasing the operating margin
of the entire synthesiser.

To automate this process, low-frequency QLR self-
calibration is proposed. Its essence lies in the si-
multaneous synthesis of an operating high-frequency
tone and an auxiliary control tone f,,, in the low-
frequency area. If P, is the power of the auxiliary tone,
and P, is its reference value at the centre of the QLR,
then the quality criterion can be defined as

P
J— 0

e L@

B

Vfd res
)\ il
‘ VT

where A is the weighting coefficient that sets the trade-
off between the QLR width and residual parasitic
feedthrough. Minimisation of J can be performed by an
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adaptive algorithm that adjusts EQ3, the mirror path
balance, and the bias current I;.. Unlike the manual
procedure typical of modern systems [16, 20, 26], this
approach makes the synthesiser more autonomous and
suitable for field or industrial applications.

Conclusions

The article demonstrates that the current state
of research of wideband frequency synthesisers based
on superconducting logic elements is characterised
by the convergence of three previously relati-
vely independent directions: metrological JAWS-
systems, microwave RF/VHF-JAWS, and digital
SFQ/RSFQ/xSFQ-platforms. The main potential for
further phase-noise reduction lies precisely at the
intersection of these directions.

The main unresolved problems at present are:

e parasitic feedthrough of the control signal to the
output and the associated vector phase error;

e dispersion degradation and non-uniform excita-
tion of long junction arrays;

e excessive structural complexity of the traditional
SFQ front-end;

e the absence of built-in QLR self-calibration.

These problems cannot be fully eliminated only by
local equalisation or traditional filtering alone.

The main result of this work is the proposed
concept of a hybrid DDS-JAWS architecture, which
includes a multiphase SFQ front-end, a segmented
JAWS array, a differential mirror path for para-
sitic feedthrough compensation, and a built-in low-
frequency QLR self-calibration circuit. Based on the
analytical study, it has been shown that additional
architectural compensation of parasitic feedthrough
by 2025 dB can reduce the equivalent phase error
by approximately an order of magnitude, while array
segmentation directly reduces the internal phase shift
and increases the voltage coherent summing coefficient.

Prospects for further research aimed at confir-
ming the presented calculation results include: the
development of a complete circuit model of the mirror
compensation path; the selection of an optimal method
of JAWS array segmentation in the 10-100 GHz
range; a comparison of cryogenic BICMOS and opti-
cal pulse injection; the development of a closed-loop
self-calibration algorithm based on the QLR criterion;
and experimental verification of the proposed solutions
using an extended synthesiser model.
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