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Abstract—To improve the reliability of radio electronic devices,
engineers use redundancy of the most relevant circuits: The sim-
plest and most common solution is elassical cold redundancy in
which the pnmary and redundant circurts are located far from
gach other. Meanwhile, locating the primary and redundant cir-
curts close together makes it possible to use modal distortions to
protect both circusts from unwanted ultra-wideband interference.
Thiz-approach iz known as modal redundancy or modal reserva-
tion (MR). This paper presents the results of signal integrity analy-
sis for a structure with single MB before and after fallures. Itis
shown that the bandwidth sfter fallures changes. This affects the
rate of data that can be excited to the mput of the device without
significant distortion of the useful signal. The authors used psew-
do-random binary sequences with a data rate of 50 and 200 Mbps.
It 1z expenmentally shown that failures in the redundant circuit do
not significantly degrade the quality of signal integrity in the band-
width. Thus, the data-dependent jitter changes from 12 (before
failures] to 19 ps {after the worst faiurel. In all investigated vari-
ants, the sye stays open; as-a result, the it error rate will be low.
The mismatch of the redundant circuit has the largest effect on
the noise amplitude. As a result, the signal-to-noise ratio decreas-
es from 57 (before fallures) to-28 (after the worst falure). To con-
firm the measurements, we performed electrodynamic simulations.
Their results are in good agreement with the expenmentzl data

Index Terms—Signal integrity, eve diggram, electromagnetic com-
patibility, functional safety, data-dependent itter, modal resarva-
tion, printed circurt board, failure.

L. Introduction

WHEN developing new methods to ensure funcoonal safety and
glectromagnetic compatibility (EMC), engimeers must consider
three effects that cause disruption of electronic devices when
ultra-wideband (UWB) interference occurs in the interconnection.
These effects include; irreversible failures of some elements, fran-
sition of active elements inta the ssturation mode, and errors.in
the transmission of digital signals |11

Traditionally, engineers use cold redundancy to improve reliabilimy
and functional safety. However, thiz solution does not protect
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radio electronic devices (REDs) from UWE interference. Modal
reservation (MR) 13 @ new approach to the azsembly and tracing
of printed circut board (PR interconnectons, charactenzed by
sirong electromagnetic coupling between the reserved (pnimaryl
and reserving (redundant} circuits of RERs. Fg. 1 shows the main
differences between elassical cold redundaney and MR It can be
zeen that in the case of classical redundancy, twa identical cir-
cuits are implemented on two different PCBs pressed against a
metal plate. In the case of MA, two identical circurts are imple-
mented on the same PCB, with strong electromagnetic coupling
between the reserved and reserving circuits. This allows-employ-
ing madal distortions to protect circuits from UWE interference.
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Fig. 1. Photos of the reserved (o) and reserving (b) spacecraft PCBx on
the metal plate with classical cold redundancy and the fdinstraiton of dif-
Jerences between classical redundancy and ME (c).

In the previous study [2], we presented the results of an expern-
mental study of the structure with single MR before and after fail-
ures. In that case, the freguency and time charactenstics were
analyzed only from the perspective of UWB interference suppres-
sion. Fig. 2 shows modal decomposition of the UWE: pulse in the
structure with MB. We can see that such structure may protect
electneal circuits from UWE interferences by decreasing the out-
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put voltage amplitude {e.g. from 264 V to 38 V). Structures with
classical cold redundancy has no effect on the amplitude of the
UWE interference.

Structures with MBE may be used in transmission systems that
require high guality of the useful signal. After failure of the
reserved circuit, the reserving circuit takes over its functions
{Fig. 31 More specifically, a switching device (SD) based, for
example, on T-type switches [3] swrtches the signal source to the
reserving conductor. Failures of a component with load A can
either be in the form of an open circuit {0C) or a short-circuit (SC)
to ground. For example, before failures, Conductor 1 (C1) is work-
ing, and Conductor 2{C2) is the reserving (Fig. 3a). ARer & failure
at the end of C1, the 8D switches the source to G2, and either a 5C
or OC oceurs at ane end of €1 (Fig. 3b). Changing the terminations
in the neighbanng circutt can affect signal integrity. Thus, the am
of this work iz to perform a signal integrity analysis of the struc-
ture with single MB before and after faidures.
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Fig. 3. Swiiching diagrams of the siraciure with single MR bofore (a)
and after (b} failure.

Il. Analysis Techniques

The mitial characterstics and geometrical parameters of the
structure with singe MR under investigation were presented in [2].
Az in the case of the UWE interference analysis, we used connec-
tion diagrams for the structure, simulating cases before and after
tailures (FAg. 4). The cross-section of the regular part of the struc-
ture with MR 15 shown in Fig. 4d. All resistors shown m the dia-
gram are M € In this study, 8 pseudo-random binary sequence
{PRBS) source of 90,000 hits and data rates of 50 and

200 Mbps (separately) were used. Thess data rates were condi-
tioned by the bandwidth of the structure with MR after failure. The
rise time {t,) and the fall time {14 were 4 and 1 ns; the duration of
the unit interval (T was 20 and 5 ns, and the em.f was 5 V. At the
first stage, we obtained the frequency charactenstics of the struc-
ture hefore and after failures using a vector network analyzer

(VMA} {Panorama P4226) in the frequency range from 10t

200 MHz. Next, the Advanced Design System (ADS) was used to
obtain ime domain responses. To analyze signal integrity, the
response to a single PRES pulse was obtained for the cases
before and after failures. Fig. 4 shows diagrams of frequency
response measurements and bme response analysis in the ADS.
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Fig. 4. Eguivalent connection diggrams for smulating the failures of
the reserved comductor: without fatlures (a), 3C at the tapui (8), OC at
the tapui (c), and the cross-section of the structure (d).
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Fig. 5. Inagrams of frequency response measuremenis (a) and time
response analyss m ihe A (B

To confirm the measurement results, we performed electrodynam-
it simulation of the frequency and time characteristics of the
structure with MR in the ADS. We used the method of moments
and conducted simulations in the frequency range from 0 to

200 MHz. In this case, the gnd denzrty was 20 cells per wave-
length. The conductors were addionally dvided into separate
cells 1o take into account the edge effects.

lil. Frequency and Time Domain Results

Figs & and 7 show the frequency dependences of 15| and [S34]
obtained in the measurements and simulations for the structure
before and after failures.

Far the case before fallures {50-50Y, short-circuit at the input {SC-501,
and open-circurt at the input | 0C-50), the bandwadths are 70,57, and
1995 MHz; respectively. The differences between the SC-50 and
(0C-50 cases and the 50-530 case by 0.8 and 7 B tmes, respectively,
can be explamed by different boundary condons at the near end
of the structure. We can see that the measurement results agree
with the simufation ones. The selection of the date rate should be
condimoned by the bandwidth of the structure with MR before and
after failures. For the structure under investigation the lowest cutoff
frequency was 57 MHz. However, the lnghest cutoff frequency after
failure was 199.5 MHz. Therefore, next we analyzed two PRESs with
the rates of 50 and 200 Mbps. The |5/ values for the 50-50, 5C-50,
and 0C-50 cazes do not exceed -20.-65, and -7 6 dB in the band-
widths, respectively. It can be seen that for the cases after faillures
the reflectons at the near end of the reserved conductor will be
greater than for the case before failures.
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Fig. &. Frequency depeadences of 1S, | up fo 200 Mz obtained during
measurements — and simulations () under boundary conditions a the
ends af the reserved comductor at 30-50 (a), 3C-50 (b), and O0C-30 {c).
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Fig. 7. Frequency dependences of 1S40 up to 200 MIT; obioined during
measurements (- and simulations (<) under boundary conditions ai the
endy af the reserved conductor of 3050 (al, SC-50 (b), and C0C-30 (e,

Fig. 8 shows the phase-frequency charactenstics of |5yl for
the structure before and after fallures. They show that the
charactenistics for sll the considered failures have & comman
form. However, the highest slope was observed for the case of
5C-50, and the lowest — for OC-50. At the same time, we can
see that for all vanants, the phase distortion of the signal i=
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Fig. & Phase of the received signal ai Node 2 obtained during mea-
surements () and simulations (<) under boandary conditions ai the
ends of the reserved comductor at 30-50 (a), $C-50 (B), and (O30 (c).

minimal. The measurement results also agree well with the
simulation results.

Fig. 9 shows the time responses to & single PRES pulse at Node 2
before and after failures. We can see that the voltage waveforms
have simitar behavior. Meanwhile, the types of feilure affect £, and
Iy differently. For the pulse with the rize time of 4 ns the maxamum
amplitude of all pulses does not exceed 215V, which mdicates the
presence of losses in the structure. In the case of a signal with a
rise time of | n3, strong distortons are observed. The maximum
amplitude in this case does not excesd 2.1V

Fig. 10 shows the eye diagrams obtained when the PRES was
propanating through the structure with MR before and after fail-
ures. Table | summarizes the mamn parameters of the ussful signal
obtaned during the measurements. In the figure, we canssea
temperature view of the 3-dimensional eye diagrams. The eye iz
automatically centered and displayed over 27 on the honzontal
axiz. The color indicates the number of crossings of a segment in
the ime-voltage plane. Blue areas are cold, whereas red indicates
comparatively more crossings. During simulation, we computed
contours of constant error probability and added them to the eye
diagrams as BERContour. This method allows a comparative anal-
vsiz of simulation and expenment results

We can see that signal integrity is ensured even in the case of
tailure. Thus, for the 50 Mbps bitrate, the date-dependent jitter
changes from 47.5 ps (50-50} to 19 ps {0C-501. For the 200 Mbps
bitrate, it changes from 62 ps (0C-50] to 68.8 ps{SC-50. In all
investigated cases the eye is sull open, therefore the fkelihood of
bit errors will be low. The mismatch of the reserved circuit has the
greatest effect on the amplitude noise. As a result, for the 50 Mbps
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Fig. 0. Voltage waveforms of pulses the with rise time of 4 av (fefi) and
| ns {right) ot the far end of the straciure abiained during measure-
meaty (—) and simulations (<) under boundary conditions ai the ends
af the reserved conducior at 50-50 (o), 8C-50 (b), and OC-50 ().

hitrate, the signal-to-noise rafic decreases from 57 (50-50) to 28
{0C-50). For the 200 Mbps bitrate, the mimimal value of this param-

eter iz 4,89 (SC-50). The analysiz of the 200 Mbps rate showed that,

after DC-50 failure, the eye iz better than before the failure. This
may be due to a greater bandwidth of the structure sfter fatlure.
The eye diagrams show that the invesbgated structure with MR
may be used to transmit & vseful signal even at 200 Mbps.

TABLE T
Useful Signal Parameters
F0-30 3C-20 OC-20

Farameiar: 50 200 50 200 i 200
Dbpe | Abps | Afops | Mbps | Albps | Iibps

Jitter, pz IX &3 15 495 18 473
Evewidth ns 500 138 D2E AT ooy | 248
Eveheight ¥ 23 157 117 145 211 1.68
Amplitnde poize mV | &3 410 o0 520 130 410
Siznal-to-poize rata | 57 T 30 250 18 211

IV. Potential Application Area

Based on the obtained results, including those from previous
works [4]-[6], the potential area of MR application can be
determined. In [4], a prelimmary quasi-static simulation of an
MRA-bazed PCB prototype with a length of 0.324 m was per-
formed before and after failures in the tme and frequency
domains. In [5], quasi-static and electrodynamic simulations of
the MR-based PCB mock-ups with the lengths of 0.141, 0,185,
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Fig. 1. Eve diagromy for the structure with single MR oblained during
measurements () and vimuiations (=) for confipurations 50-50 (a),
SC-50 (b, and (NC-50 (&)

and 0.324 m were performed before and after failures in the fre-
quency domain, In |2], a 0.324-m-long PCB fayout was studied
expenimentally before and after failures, and N-norms were
calculated showing the probability of various component fail-
ures. In thiz paper, the integrity of the signal of thiz layout has
been inveshgated.

Many digital systems operate close to 100 MHz [6]. An exam-
ple iz COCA21A106 [7] |Texas Instruments), which is a high-
performance clock generator with low phaze noise_ lis total
ptter 15°35 ps at a clock frequency of 100 MHz. This study con-
sidered the MB-based structure that can be used in systems
up to 200 MHz. However, if the length of the structure iz
reduced, then the bandwidth will increase, which was demon-
strated in [B]. Therefore, it 1s necessary to control the band-
width and the stopband for the interconnections of the end
device, thus increasing noise immunity of RED=s: The maximum
length of conductors 15 usually imited by the PCB dimensions.
There are several form factor standards [8] that are used for
high performance systems for space applications, for exam-
ple, CompactPCl, SpaceVPX, MicroTCA and PC/104. They
show that the optimal length of PCB interconnections iz up to
B2-D03m.
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V. Conclusion

Thiz paper discusses signal mtegrity in the structure with singe
MR first presented in [2]. It 15 shown that the bandwadths for the
SC-50 and 0C-50 fallure cazes differ from the 50-50 vanent This
affects the hitrate that can be excited to the input of the dewvice
without significant distortion of the useful signal. it was revealed
that preceding transmitted bit sequences can affect the front and
amplitude of succeeding pulses. Thus, for the 50 Mbps bitrats, the
signal-to-noise ratio decreases from 57 {50-50) to 28 (DC-50). This
decrease is ceused by the interference of incident and reflected
waves, crosstalk, dispersion, and different velocities of mode
propagation slong the structurs. This leads to the appearance of
density disinbution of the probability of deviation of the phase
and amplitude jitter. Nevertheless, the results show that the sig-
nal guality degrades insignificantly in the case of failure. The jitter
values are typical for stripline and microstrip devices. Thus, for
the 50 Mbps bitrate, the data-dependent jiter changes from 12 ps
{50-50) to 19 ps (0C-50). For the 200 Mbps bitrate, it changes from
63 ps (0C-50) to 68.8 ps (SC-50). Unexpected was the result
obtaimed in the caze of the 0C-5) which showed that the band-
wiidth was significantly expanded. This expansion might have
been caused by the fact that, because of multiple re-reflections,
standing waves occur in the structure and affect the frequency
characteristics. Companson of the expenmental and electrody-
namic simulation results showed their good convergence.

Thus, the results obtained supplement the previousty published
waork on the expenmentzl study of the structure with single MR
before and after falure. The conclusions will be useful in the
design of real transmission ings with MR.
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