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Annotation—This document proposes a technique for
forming the response of two-channel demodulators. At the
same time, a string vector is used, the elements of which are the
weighting coefficients of the demodulator, which are used to
form the quadrature components, as well as a wedge-shaped
matrix with an inversely symmetrical sequence of elements.
The amplitude-frequency characteristics (frequency response)
of new synthesized 1/Q-demodulators were studied. The
possibility of significant suppression of the frequency response
side lobes was confirmed, which confirms the noise immunity.
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l. INTRODUCTION

One of the promising areas of development of 6G cellular
communication technologies [1-4] is the use of spectrally
efficient signals. In particular, we are talking about the
technology of non-orthogonal  frequency  discrete
multiplexing of signals (N-OFDM) [5]. One of the important
conditions for its effective use is the reduction of out-of-band
interference and the corresponding suppression of out-of-
band channels for receiving radio signals. As part of digital
signal processing, this can be ensured by digital filtering of
the main reception channels using digital filters or 1/Q
demodulators [6-13], which combine the functions of
quadrature demodulation with digital filtering.

1. METHOD OF FORMING THE RESPONSE OF TWO-
CHANNEL DEMODULATORS

The simplest method of digital quadrature demodulation
is the digitization of signals through an odd number of
quarters of the period of their fill frequency, followed by the
division of the stream of counts into even and odd by routing
number. At the same time, counts adjacent in time in a pair
can be considered cosine and sine components. The
mathematical description of the simplest quadrature
demodulator can be obtained based on the use of a pair of
unit weighting coefficients with opposite signs.

The next version of the demodulator is a 4-count
demodulator with unit coefficients alternating in sign (1; -1),
described at a single-channel input by expressions [14]:

UIE:AIIUI -A].[]Ugl (l)
Ulg=AlgUp -A11U;.  (2)

A similar option with a two-channel analog input and the
use of 4 ADC counts will be written in the form [14-15]:

U1§=A1,U{-A1,U5, (3)
Ulg=Al,U5-AL, U5, (4)
U26=A1,U3-Al U3, (5)
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U25=A1,U;-A1,U5, (6)

where U, — ADC-counts, n=0,1,..3, Ao=1, A;=-1.
WUS-US-UMUS,  (7)
We=US-US+U-U3,  (8)

More complex options for quadrature demodulation
require the involvement of 2P ADC readings, where P is the
order (size) of the demodulator. For example, at P=3, to form
the response of the quadrature demodulator, 6 readings of the
2-channel ADC that digitizes the outputs of the sine and
cosine analog channels should be used. At the same time,
their sequence {1;4;3}, which is the same for both quadrature
channels of forming the 1/Q response of the demodulator, can
be used as weighting factors. The appropriate processing of
signal readings is described by a set of equations:

Ulg=A1,US-AL, US+AL TS, (9)
Ulp=A1,Up-A1,US+A1, Ug; (10)
U25=A1Up-A1L, US+AL UL, (11)
U25=A1,Uj-A1, U5 + A1,US; (12
W=U§-US+4(-US+US)+3(US-UY); (13)
We=Ug+Us-4(Us+U)+3(UT+U;).  (14)

As can be seen, the description of the responses of the
quadrature demodulator in the unfolded record becomes
more complicated with the increase in the order of the
demodulator, which makes it difficult to visually perceive
and analyze the corresponding operations on the signals.
Therefore, to obtain more compact records of quadrature
demodulation procedures, it is suggested to use their vector-
matrix representation.

In particular, the already mentioned method of digital
formation of quadrature components can be presented in an
equivalent vector and block-vector form:
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Similarly, the response of the two-channel input variant
of the well-known 8-count (P=4) demodulator, which has
coefficients {1;11;15;5} [6-7], can be described:

a) expanded view

Ul§=A1;US-A1, US+A1, US-A1,US; (17)
U13=A1,U§-A1,US+A1,US-A1,US; (18)
U2§=A1,Uj-A1,US+A1, US-A1;US; (19)
U2§=A1,US-A1,US+A1, US-A1,US; (20)

Wi=Ug-5(Ug+Up)+15(US+U3)-11(UT-US+US;  (21)
We=-US+Up+11(US-U3)+15(-US+U)+5(US-Ug);  (22)

b) vectors and block-vectors recording
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A well-known 8-count version of the 1/Q demodulator
with weighting coefficients {1; 11; 15; 5} [6-7], as it turned
out, ceased to be the only possible and even the best one
from the point of view of minimizing the frequency response
line.

Consider an undefined system of equations with
unknown coefficients of an 8-count quadrature demodulator,
formed by reducing the number of equations while observing
the condition that the sign-changing sum of coefficients is
equal to zero:

UR1:=a+3b+5c+7d==2d+4c+6b+8a; (25)
UR2:=a+32 b+52 c+72 d==22 d+42 c+62 b+82 a; (26)
UR5:=a-b+cd=0. 27)

As can be seen, the solution of the specified system is the
general form of the coefficients of the 8-count demodulator,
expressed in terms of two independent variables:

a=C[1]; b=2C[1]+3C[2]; c=3C[1]+4C[2]; d=2 C[1]+C[2].
(28)

Value of independent variables C[1]=1; C[2]=1
correspond to new weighting factors{1; 5; 7; 3}, and
variables C[1]=2; C[2]=1 is easy to obtain the desired
weighting factors{2; 7; 10; 5}. Frequency response plots for
the two specified new sets of coefficients {1; 5; 7; 3}and {2;
7; 10; 5} are shown in Fig. 1. It is not difficult to see that
these Amplitude-Frequency Responses will be more
effective at suppressing out-of-band interference than the
procedure AFCs.
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Fig. 1. Frequency response graphs of the 8-count weight window with
coefficients {1; 11; 15; 5} — line 1; line 2 — for coefficients {1; 5; 7; 3};
line 3 — for coefficients {2; 7; 10; 5}

A new version of the solution of the specified system,
expressed in terms of two independent variables:
a=C[1]; b=-C[1]+3 CJ[2]; c=-C[1]+4C[2]; d=C[1]+C[2].
(29)
Value of independent variables C[1]=1; C[2]=1 in
correspond to the new weighting coefficients{1; 2; 3;
2}-worse, and for variables C [1]=2; C[2]=1 is easy to
obtain the desired weighting factors{2; 1; 2; 3}- not suitable
atall (Fig. 2).
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a) red line — filter with coefficients {1; 2; 3; 2}
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b) red line — filter {2; 1; 2; 3}
Fig. 2. Graphs of frequency response 8-count weight window with
coefficients {1; 2; 3; 2} and {2; 1; 2; 3}
Coefficients of the 10-count filter:
a=C[1], b=22C[1], c=56C[1], d=42C[1], e=7C[1]. (30)

If in case C[1]=1, then
Ur=U;-22U,9+56U,.4-42U, 6+ 7U¢.g,

(31)
Ut=-TUp1+42U;:3-56 Uy 5+22U,.7-Upsg

(32)

A 10-count filter through two new independent variables
obtained from an uncertain system of equations
a=C [1]; b=2 C[1]+5C[2]; c=-4C[1]+15C[2];
d=-2C[1]+11 C[2]; e=3 C[1]+C[2]. (33)

Value of independent wvariables C[1]=1;, C[2]=1
correspond to new weighting factors{l; 7; 11; 9; 4}, and
variables C[1]=2; C[2]=1 it is not difficult to obtain the
desired weight factors {2; 9; 7; 7; 7} (Fig. 3).

82-10¢

5.46-10°

273100

0y 12 u 36 48 60 7 84 9% 18 120

Fig. 3. Frequency response graph of a 10-count filter (black line —
coefficients {1; 7; 11; 9; 4}, red line — coefficients {1; 22; 56; 42; 7},
dotted line —coefficients {2; 9; 7; 7; 7})

a=CJ[1]; b=C[2]; c=-2 C[1]-C[2]+5 C[3];
d=-C[2]+4 C[3]; e=C[1]+C[2]-C[3].  (34)

Value of independent variables C[1]=1; C[2]=1; C[3]=1
correspond to new weighting factors{1; 1; 2; 3; 1}, and
variables C[1]=2; C[2]=1 is easy to obtain the desired
weighting factors{2; 9; 7; 7; 7}.

Two series-connected cascades of 8-count 1/Q-
demodulators with coefficients {1; 5; 7; 3} identical to the
serially connected 6-count 1/Q-demodulator with coefficients
{1; 4; 3} and a 10-count 1/Q demodulator with coefficients
{1; 6; 12; 10; 3}. In both cases, a 15-count equivalent
demodulator with coefficients takes place {6; 44; 122; 168;
122; 44; 6}in one quadrature and {1; 19; 81; 155; 155; 81; 19;
1}- in another. To illustrate what has been said, you should
refer to the calculation results in the Mathcad package:

a) cosine component
1612103000
0161210300
0016121030
0003101261
0031012610

0310126100

(143143) =(1198115515581191),

(35)

15730000
01573000
00157300
00015730
00003751
00037510
00375100
03751000

(15731573) =(119 8115515581 19 1).

(36)
b) sine component
310126100
031012610
003101261
001612103
016121030
161210300

3751000
0375100
0037510
0003751
0001573
0015730
0157300
1573000

(143143) =(644122168122446),

@37)

(15731573) =(6 44 122 168 122 44 6).

(38)

As can be seen from the set of weighting factors {1; 6; 12;

10; 3) corresponds to a smooth shape of frequency response,
without advantages (Fig. 4, 5).
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Fig. 4. Frequency response graph of a 10-count demodulator

(1 — corresponds to a set of factors {1; 22; 56; 42; 7}; 2 — {1; 6; 12; 10; 3},

3-{1;6;11;10;4};4-4{1;7;12;9;3})
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Fig. 5. Frequency response graph of a 10-count demodulator
on a logarithmic scale

A new successful combination of coefficients for a 10-
count demodulator {1; 6; 12; 10; 3} was obtained in the
process of synthesizing the coefficients of a 15-count
demodulator using sequential sorting using the initial array
of coefficients {1; 7; 11; 9; 4}. During the sorting process,
the requirement that the sum of the coefficients should be
equal to zero was observed.

The purpose of the search was to find such a set of
coefficients that, in combination with a serially connected 6-
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count I/Q demodulator with coefficients {1; 4; 3} obtain the
coefficients of a 15-count demodulator equivalent to two
series-connected cascades of 8-count 1/Q-demodulators with
coefficients {1, 5; 7; 3}.

The calculation results in the Mathcad package below
illustrate the iterative process of successive approximation to
the combination of weighting factors. At the same time, the
primary task was to achieve equality of 6 of the first and last
coefficients in the resulting vector-string of weighting factors.

a) coefficients of the second cascade {1; 7; 11; 9; 4}
49117100
04911710
00491171

(143143)(00171194
01711940
17119400

=(750121156 121 507).

39

b) coefficients of the second cascade {1, 6; 11; 10; 4}( )
410116100
041011610
004101161
(143143)(001611104
016111040
161110400

=(7 48 121 160 121 48 7).

40

c) coefficients of the second cascade {1; 6; 12; 10; 3}( )
310126100
031012610
003101261
(143143)1001612103
016121030
161210300

=(644 122 168 122 44 6).

(41)

For the practical implementation of the considered 1/Q-

demodulators, it is suggested to use the methods of digital

signal processing proposed in [16-18]. A particularly

relevant solution is the use of a Field-Programmable Gate
Array.

CONCLUSIONS

The considered vector-matrix form of the two-channel
demodulator response request allows you to get a compact
representation of the corresponding signal processing
procedures in I/Q demodulators with the analog formation of
quadrature components.

Regarding the optimal form of representation of the
vector-matrix form of recording quadrature responses, we
can conclude that it is possible to obtain a ratio for cosine
quadrature by expressing sine and vice versa. This makes it
possible to significantly simplify the synthesis process of
two-channel demodulators.

A peculiarity of the matrices used to describe the
response of two-channel I/Q demodulator circuits is their
wedge-shaped shape with an inversely symmetrical sequence
of elements.

The achieved suppression of frequency response side
lobes allows for recommending appropriate pre-processing
for the demodulation of N-OFDM signals, which will
increase the spectral efficiency of such signals.

REFERENCES

[1]  Z. Ankarali, B. Pekdz, and H. Arslan, “Flexible Radio Access Be-
yond 5G: A Future Projection on Waveform, Numerology, and
Frame Design Principles,” IEEE Access, vol. 5, 2017.

[2] K. David and H. Berndt, “6G Vision and Requirements: Is There
Any Need for Beyond 5G?,” IEEE Vehicular Technology Magazine,
September 2018.

[3] T. Rappaport, Y. Xing, O. Kanhere, “Wireless communications and
applications above 100 GHz: Opportunities and challenges for 6G
and beyond,” IEEE Access, vol. 7, pp. 78729-78757, 2019.

[4] M. Alsharif, M. Albreem, A. Solyman and S. Kim, “Toward 6G
Communication Networks: Terahertz Frequency Challenges and
Open Research Issues,” Computers, Materials & Continua,
vol. 66 (3), pp. 2821-2842, 2021.

[5] V. Slyusar, V. Smolyar, “Communication channels frequency multi-
plexing on the basis of super rayleigh signals resolution,” Izvestiya
Vysshikh Uchebnykh Zavedenij. Radioelektronika, vol.46 (7),
pp. 30-39, 2003.

[6] Swedish patent No. 501604 (C2). IPC G11C27/02, H03D1/22.
Method and apparatus for sampling of electrical signals// Arvidsson
Erik Ragnar. — Appl. number SE19930002627. - Priority date: 1993-
08-13. - Publ. date: 1995-03-27.

[71 J. Eklund and R. Arvidsson, “A multiple sampling, single A/D
conversion technique for I/Q demodulation in CMOS,” IEEE J. Sol-
id-State Circuits, vol. 31(12), 1987 (Dec. 1996).

[8] P.O'Neil, C. Ryan, and C. Weitzel, “Monolithic gallium arsenide 1Q
demodulator,” in Proc. of Conf. on Microwave and Millimeter-Wave
Monolithic Circuits, Dallas, USA (IEEE, 1983), vol. 84, pp. 14-18,
June 1983.

[91 C. Ziomek and P. Corredoura, “Digital I/Q demodulator,” in Proc. of
IEEE Particle Accelerator Conf., Dallas, USA (IEEE, 2002), vol. 4,
pp. 2663-2665, 1995.

[10] D. Bernal, P. Closas, and JA Fernandez-Rubio, “Digital I1&Q de-
modulation in array processing: Theory and implementation,” in
2008 16th European Signal Processing Conf., 25-29 August 2008,
Lausanne, Switzerland (IEEE, 2008).

[11] V. Slyusar “lI/Q-Demodulation of the Odd Order,” International
Conference on Antenna Theory and Techniques, Kharkiv, Ukraine,
pp. 156-158, April 2015.

[12] V. Slyusar and E. Zhivilo, “The synthesis of equivalence digital
filters for tandem decimation on basel/Q-demodulation,” in Proc. of
2017 4th Int. Sci.-Practical Conf. on Problems of Infocommunica-
tions Science and Technology, PIC S&T, Kharkiv, Ukraine (IEEE,
2018), pp. 449-451, October 2017.

[13] V. Slyusar and P. Serdiuk, “Synthesis Method of Procedure for Odd-
Order 1/Q Demodulation Based on Replacing Multistage with
Equivalent Single-Stage Demodulation Schemes,” Radioelectronics
and Communications Systems, vol. 63(5), 2020, pp. 273-280.

[14] V. Slyusar, “Synthesis of algorithms of measuring M sources dis-
tance in additional strobing of analog-to-digital conversion read-
ings,” lzvestiya VUZ: Radioelektronika, vol. 39(5), 1996, pp. 55-62.

[15] I. Sliusar, S. Voloshko, V. Smolyar, V. Slyusar, “Next generation
optical access based on N-OFDM with decimation,” 3rd Internation-
al Scientific-Practical Conference Problems of Infocommunications
Science and Technology, PIC S&T 2016-Proceedings, 2017,
pp. 192-194.

[16] S. Cai, Y. Li, H. Zhu, X. Wu, D, Su, “Novel Electromagnetic Com-
patibility Evaluation Method for Receivers Working under Pulsed
Signal Interference Environment,” Applied Sciences, vol.11, 2021.

[17] M. Mfana, A. Hasan, “Soft-core architecture for odd/even order
sampling 1/Q demodulator with dual-portblock memory considera-
tions,” Preprints 2019, 1 (Sep. 2019).

[18] J. Mitra, T. Nayak, “An FPGA-Based Phase Measurement System,”
IEEE Transactions on Very Large Scale Integration (VLSI) Systems,
vol. 26 (1), pp. 133-142, January 2018.

2022 IEEE 2nd Ukrainian Microwave Week, November 14th — 18th, 2022
Paper Collection



	I. Introduction
	II. method of forming the response of two-channel demodulators
	Conclusions
	References




