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ABSTRACT

This paper aims to devise a data flow model of computation for
signal processing applications in which the operational nodes are
signal/image processing functions such as Pixsum, Edge, Smooth
[12]. These functions are configured during run time from a pool of
reconfigurable FPGASI[4][5][6]. Thus because of the data flow
model of computation, the signal processing functions execute con-
currently. At the same time, these functions by exploiting their
inherent spatial parallelism execute at high speed. There is a two
fold speed up in the execution of image/signal processing applica-
tionsone at the architecture level wherein a node of the dataflow
model executes a digital signal processing (DSP) function rather
than a low level machine operation. The second speed up is due to
the fact that each DSP function is configured to execute in an
FPGA by using maximally the concurrent operations that such a
function permits. Another significant benefit that arises from our
proposed architecture is that by reconfiguring an FPGA for a DSP
function at run time, the reusability of the hardware elements results
in reduced cost of operations. In this paper we provide an outline of
the data flow architecture and its operational aspects.

KEYWORDS: Semiconductor device modeling, RF IC Design,
CMOS and BiCMOS circuit simulations, circuits for communications.

The article is reworked from unpublished 2nd IEEE International Conference on Circuits and Systems for Communications (ICCSC) materials.
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INTRODUCTION

Intensive and complex computations are required for
real time execution of signal/image processing algo-
rithms. Such algorithms exhibit spatial parallelism and
are therefore suitable for mapping into array architec-
tures like systolic, SIMD etc. [1], [2], [3]. Speed en-
hancement can be achieved by using dedicated hardware
that exploits the inherent parallelism in the algorithm.
Data flow architecture offers a possible way of exploiting
the concurrency of computations. Here firing or execu-
tion of an instruction/function is asynchronous [7], [8],
[9] and depends on the availability of data from one or
more processing elements (PE) which would have been
fired previously. Thus the execution is very fast. Howev-
er, the conventional data flow model suffers from two
inefficiencies:

1 All the PEs may not be in use at any particular instant
and thus the hardware utilization factor becomes low.

2. The PEs are basically ALUs and perform low level
operations like Add, Sub, Mul etc. and not the functional
level operations like FFT, Cosine Transforms etc..

In this paper we propose a new architecture based on
the data flow principle which uses a common pool of
RPEs available for the execution of image / signal pro-
cessing algorithms

There is a two fold speed up in the execution of
image/signal processing applications- one at the architec-
ture level wherein a node of the dataflow model [10],
[11] executes a digital signal processing (DSP) function
rather than a low level machine operation. The second

speed up is due to the fact that each DSP function exe-
cutes in an FPGA and uses maximally the spatial paral-
lelism that such a function possesses.

Each RPE is configured during run time to carry out a
specific function as required by the algorithm. On the
completion of the execution of the function, the RPE is
returned to the common pool and available for being re-
configured into a new function depending on the require-
ment. Thus the hardware utilization is very high and the
same pool of ‘n’ RPEs can be used again and again to
execute different functions. In section II we describe the
proposed architecture and the model of the RPEs that is
required to support the architecture. Section III gives an
overview of the state each PE can have along with the
state transition diagram. The functioning of a PE manager
which manages these transitions with support from the
various blocks in the architecture is also discussed. We
conclude in Section IV by highlighting the possible appli-
cation areas.

PROPOSED ARCHITECTURE

The proposed architecture can be explained with the
help of the block diagram of Figure 1. It consists of two
main blocks — the Processing Unit (PU) and the Activity
Template Storage Unit (ATSU). The Update Unit (UU)
and the Fetch Unit (FU) act as interfaces between the PU
and the ATSU.

The execution of the application algorithm is carried
out by the n RPEs in the PU.
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These elements are implemented using Field Pro-
grammable Gate Array(s) (FPGA) which are reconfigured
for a particular function. This reconfiguration takes place
by downloading the required bits-streams from Configu-
ration Memories (CM).

Each RPE has its own local memory (LM) each of
which stores all the required reconfiguration function files
for the application. The LMs are connected by a global
bus to a Global Data Memory (GDM). An RPE is put into
execution mode when all the input operand vectors re-
quired by the function for which it has been configured
are available in the GDM. This availability of input oper-
ands is as a result of the completion of execution of its
predecessor functions in other RPEs according to the data
flow graph. When an RPE finishes execution of a func-
tion, it stores the result vector in the GDM, outputs the
result packet to the UU for transmission to the ATSU and
then makes itself available for possible reconfiguration
into another function as required by the data flow model
of the application algorithm. The overall management of
the RPE s is carried out by the PE manager in the PU. The
“result packet” transmitted to the UU has the following
structure.

< Result Packet > := < Result Data Pointer >
<Size><{Destination Template Address in ATSU} Im >

The ATSU is a memory in which is stored information
regarding the various signal/image processing functions in
data structures represented by a common template
(Fig. 2). In BNF notation, a template can be represented as

< Template in ATSU > := < Function> <{ operand da-
ta } 11> <{destination template address} 1k > <output data
pointer> <no. of elements of output data>

< operand data > := < operand data pointer > < no. of
elements of operand data>

Function

number of operand vectors (/)
operand data pointer(# 1) T
number of elements (# 1)

operand data pointer (# [) T
number of elements (#1)

number of destination templates (k)
destination template pointer(# 1)

destination template pointer (# k)
output data pointer

Each template in the ATSU represents a distinct
function in the data flow graph and its first field de-
picts that function. Next it has a minimum of one field
to a maximum of ‘I’ fields of operand data, each field
representing a pointer to an array in the GDM and the
number of elements in each array. The template has
further one field indicating the number of destination
templates ‘k’ to which its output data should be passed

SYNCHROINFO JOURNAL

on. The addresses of these ‘k’ templates in the ATSU
are next. The last two fields represent the starting address
of the GDM into which the function output vector is writ-
ten and the number of elements of the output vector respec-
tively.

Address Bus CM

uData Bus

RPE

Q Q (o]
F5f
CcS WwRr Execute/

Program

v v

Status1 Status2

Figure 2. Model of RPE

It is clear from the above that it is the contents of the
ATSU that describe the data flow model of the applica-
tion algorithm to be executed in the PU. To each operand
data pointer is appended a tag bit T, which are initially
cleared. As and when an input operand becomes availa-
ble from an executing RPE, the result packet indicates so
to the UU which in turn sets the tag bit to 1. When all
the tag bits of a particular template become 1, the tem-
plate is ready for execution and indicates so to the UU.
The UU then sends the following packet to an input buffer
(IB) in the PU.

<IB Packet> : = <Function> <address of corresponding
template in ATSU>.

At any point in time the IB maintains a queue of
“ready to execute” functions along with the addresses
of the functions’ templates in the ATSU. Since the num-
ber of PEs is n, we restrict the size of the IB queue also to
n as this would not affect the performance in any signifi-
cant way.

It may be instructive to note that when more than n
functions become ready for execution, they are kept pend-
ing in the ATSU and are transferred to the IB only when
the latter’s size falls below n due to the allocation of one
or more functions to the PE s which have become free
for allocation as determined by the PE manager. The tag
bits of a template in the ATSU are cleared as soon as the
function represented by the template is moved into the IB.

A state table in the PU maintains the states of the n
RPEs i.e. whether these are in the running, idle or recon-
figuration mode. The PE manager with the help of this
state table and the IB determines whether a particular
PE can be set to either execution mode or reconfigura-
tion mode. The model of an RPE is illustrated in Fig 3
and explained below.

The address bus common to all CMs carries the ad-
dresses of the locations from which are retrieved a se-
ries of configuration bytes via dedicated data buses. The
chip select bar (CS) of an RPE determines the RPE which
accepts the addresses from the common address bus.
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The configuration bytes are then stored internally in
the RPE and help reconfigure the RPE to execute a dif-
ferent function. These operations on the RPE are con-
trolled by the PE manager with the help of the signal
Execute/Program. The status output signals “Status]” and
“Satus2” indicate to the PE manager the status of an RPE
as given in Table 1. When a function in the IB has been
allotted to an RPE for execution, a request is sent by the
IB to the FU to fetch the corresponding template from
the ATSU. The FU obtains the template from the ATSU
and puts it in the Operation Transfer Block (OTB) for
formation of the result packet. Since the number of exe-
cuting RPEs can be at most n, the size of the OTB should
also be n.

FUNCTIONING OF THE PE MANAGER

The PE manager, which manages the n RPEs and their
state transitions, consists of essentially two processes,
Process 1 and Process 2. Process 1 uses the IB and a state
table to manage the state transitions while Process 2 uses
the output status lines status 1 and status 2 of the RPEs.

Table I
Status Outputs of an RPE
Status Output Lines
Status 1 Status 2 State of the RPE
0 0 Idle/Execution complete
0 1 Under configuration
1 0 Configuration complete/ Ready
1 1 Executing

A state table as depicted in Table II maintains a rec-
ord of the n RPEs, their current states and the functions
allotted to them.

Table 1T
State Table 1

RPE STATE
1 S.i€(1.2,3.4,5)

FUNCTION
fi,j € {1,2,...z) when S;: i €
{2,3,4,5} and fj is undefined
when S;: i=1.
z = number of function
templates in ATSU
2 . .

n » .

Each entry in the state table corresponds to an RPE
and is identified by its RPE number. Each RPE can be in
one of the five state, S, S5, S3, S4 and Ss, where;

S| => yet to be configured
S, => under configuration
S; => configuration complete / ready S4 => executing
S5 => execution complete.

We propose that the transitions among the states in an
RPE is carried out as per the state transition diagram
shown in Figure 3.

Figure 3. State Transition Diagram of an RPE

Thus initially at start up all RPEs are in S1 and make a
transition to S2 as per the requirements of the algorithm.
It is assumed that at start up the IB is filled with the func-
tions which exists at the first level in the data flow graph.
The corresponding entries in the state table are updated to
S1.

The state table also includes the function which is un-
der execution or under configuration in a particular RPE.
It is instructive to note that when an RPE is in state 1 (as
at initial start up), no function has yet been allotted to it
and therefore a state table does not have a defined entry in
its function column. The function that can exist in a state
table can be any one of the function templates that exist in
the ATSU. The IB is a first in first out (FIFO) buffer
where the functions get queued in the order of their arrival
from the UU and are serviced by the PE manager starting
with the function at the queue head and ending with that
at the queue tail according to Process 1 shown below.

Process 1 :
Do until IB queue tail
'{ take function (h) from queue head;
search state table associatively with key, = < func-
tion(h) >
<{S;[Ss } >
if at least one match exists, do the following for one of
the table entries where match occurs

i) issue “Execute” command to the RPE ;
ii) update the state entry in the state table for the corresponding RPE to S;
iii) delete function (h) from queue and increment queue head pointer;

i

else
D[ search state table associatively with key, =< { S, | Ss } 1 if at least one match do the following
121

(

i) issue “configure” (program) command to the RPE;

i) update the corresponding state table entry to S;;

iii) generate signals on the address bus of the CMs corresponding to function (h);
iv) activate the CS signal to the corresponding RPE;

V) increment queue head pointer;

It can be seen that Process 1 causes the following
state transitions in Figure 4, S; — S,,S; =& S4, Ss > S4,
and Ss — S,. The transitions S, — S; and S; — S;
require the examination of the 2 status output lines, sta-
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tus 1 and status 2 for each of the n RPEs and is carried
out by Process 2 as follows.
Process 2 : Do fori=1........ n.
{ Read status bits : status 1, status 2,
switch (status 11, status 2i)
{ case status li= 0, status 2i = 0:
update state table enter to S5; issue reconfigure command
to RPE; break;
case status 1; =1, status 2; = 0:
update state table entry to S2; issue execute command to
RPE break;
default:
break
j

Theorem 1
Process 1 and Process 2 can run concurrently.

Proof. Process 1 reads the IB and state table and caus-
es the following state transitions S; — S,, S;3 — Sy,
Ss — S,, S5 — S, by writing into the state table and
issuing either “configure” or “execute” command to the
RPEs. Process 2 reads the status pins of the RPEs and
causes the following state transitions S, — S; and S; — S;s
by writing into the state table. It can be seen that the two
processes cause state transitions which are distinct from
each other. It is shown below that logically there cannot
be any conflict between the two processes when they exe-
cute concurrently. Logical conflict between the two pro-
cesses can arise in either of the following two situations:

1. Two processes attempt to write two different data

in the same location at the same time.

2. One process reads from while another process

writes into the same location at the same time.

In our design, Process 1 writes into a location indi-
cating states S;, S; or S5 whereas Process 2 may at the
same time write into a location representing states S, or
S,. Therefore the two processes can never attempt to
write into same location at the same time.

In the case of a simultaneous read and write, a conflict
can arise if the write is a multi field write and the outcome
of the read is erroneously affected if the read operation
completes before the multi field write is completed. But in
our proposed design the outcome of the read by Process 1
depends on the reading of one field only viz. the status
field and the Process 2 also writes only one field. There-
fore there is no logical conflict in the case also.

However it is possible that when Process 2 updates the
state table, Process 1 tries to read it. But this problem can

SYNCHROINFO JOURNAL

be solved by providing a hardware lock mechanism,
which prevents such simultaneous access. This can utmost
delay the execution of one of the processes for the dura-
tion of the locking but cannot cause any logical error.

CONCLUSION

In this paper we have outlined an architecture suitable
for executing algorithms which possess parallelism and
which need to be executed in high speed real time appli-
cations. Emerging areas such as video and image pro-
cessing for 3G mobile and security applications are likely
to benefit by applying our proposed architecture.
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ABSTRACT

The purpose of this investigation is to develop a systematic
nonlinear analysis of the circuit in Figure 1, as yet not avail-
able in the literature, obtaining an exact formula for the oscil-
lation frequency. Then, we find the condition for the circuit to
behave as a relaxation oscillator, or as a nearly sinusoidal
oscillator, analyzing the circuit behavior around the equilibri-
um point through a circuit model accounting for the transis-
tor intrinsic capacitances. A nonlinear analysis of the popular
emitter-coupled multivibrator is performed, which is based on
the classical discontinuity theory. Exact relationships for cal-
culating its waveform are obtained. Then, we investigate the
circuit dynamic behavior showing that at very high frequen-
cies the circuit exhibits a completely different behavior, simi-
lar to an LC second-order nearly sinusoidal oscillator.
Conditions allowing us to predict one or the other behavior
are found.

KEYWORDS: Relaxation oscillations, emitter-coupled
multivibrator, nearly sinusoidal oscillators, differential VCOs.

The article is reworked from unpublished 2nd IEEFE International Conference on Circuits and Systems for Communications (ICCSC) materials.
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INTRODUCTION

The circuit shown in Figure 1 is the well-known emit-
ter-coupled astable multivibrator with a floating timing
capacitor [1]. This circuit, and its CMOS companion
[2],[3], which can be easily fabricated in monolithic form,
is widely used in applications involving waveform gener-
ation, such as voltage-controlled frequency, current-
controlled oscillators, and I/Q cross-coupled oscillators
[4]. The circuit is commonly used as a relaxation oscilla-
tor providing a square wave at the collectors of transistors
at high frequencies. However, if it is not properly de-
signed, the circuit can exhibit a completely different be-
havior at very high frequency, giving rise to undesirable
nearly sinusoidal oscillations whose origin is not thor-
oughly elucidated.

The purpose of this investigation is to develop a sys-
tematic nonlinear analysis of the circuit in Figure 1, as yet
not available in the literature, obtaining an exact formula
for the oscillation frequency. Then, we find the condition
for the circuit to behave as a relaxation oscillator, or as a
nearly sinusoidal oscillator, analyzing the circuit behavior
around the equilibrium point through a circuit model ac-
counting for the transistor intrinsic capacitances. This
condition enables to clucidate the unusual dynamic be-
havior of the circuit. Essentially, we show that the circuit,
which does not have any apparent inductor, can operate
like an LC second-order oscillator, by suitably setting the
circuit parameters. This is made possible as the composite
two-terminal connected to the timing capacitance, which
has an S-type characteristic, behaves like a locally-active
inductive two-terminal, i.e. its behavior for small varia-
tions around the quiescent operating point is equivalent to
a series connection of a negative resistance and an induct-
ance.

L

Fig. 1. Schematic of a bipolar multivibrator
Finally, circuit simulations were performed to show
that both relaxation and nearly-sinusoidal oscillations can
be actually generated.

BEHAVIOR AS RELAXATION OSCILLATOR

As it is known, the condition for the circuit in Figure 1
to behave as an astable multivibrator is that the /-7 char-
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acteristic of the composite two-terminal connected to the
capacitance C has a negative slope at its crossing point O
with the axis /=0 . In fact, by virtue of the presence of C,
this point defines the unique equilibrium configuration of
circuit, which is instable if the characteristic slope is
negative.

Assuming a purely resistive behavior of the active de-
vices, whose collector currents are expressed by the sim-
plified Ebers-Moll model Iz = Iy exp(Vss /Vr ), from
equation V'=R(I; — L) + (Vs — Var1 ) , we deduce the
nonlinear characteristic V' = F(I) of the composite two-
terminal, which is

V ==2RI+V, IH(MJ

1-1/1, (1)

This characteristic is an odd function which has the

typical S-shape shown in Figure 2. To verify that the

above condition is met, it is sufficient to ascertain that the

derivative of (1) at the origin is negative, which happens
if VT< RI, 0-

A
. J[ D
A
A
Q >
L Vv
\\\ |
y ———C.
B

Fig. 2. Static I-V characteristic for the two-terminal
connected to the capacitor

The considered circuit is a degenerated self-oscillating
system wherein, as it is known, relaxation oscillations
take place. Its dynamic behavior is described by the first-
order nonlinear differential equation

I=-C 4 F(I)

dt @)

According to the Mandelstam postulate of constant
energy [5], we assume the possibility of the existence of
infinitely fast jumps of the current I. Accordingly, during
the oscillatory process, the system can jump from one
steady branch of the curve to the other, i.e. from the point
A to point B, and from the point C to the point D. Conse-
quently, the limit cycle is composed by two analytical
branches DA and BC, which are closed by the two discon-
tinuities 4B and CD. The above assumption simplifies the
calculation of the steady-state oscillation, which is here
obtained by solving eq. (2).
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Before solving (2), we calculate the characteristic
points, 4 (I,—V.), C (—1.,V. ) (Fig. 2), which are obtained
imposing that the derivative dV dI of (1) vanishes. Thus,
we get the current value

]C:]o v]_h »

h= r
R, 3)

and the corresponding voltage

I1-+1-h

The relaxation intervals, i.e. the analyticity interval of
the current /, are determined solving eq. (2), which can be
rearranged in the form

v. =2Vt 1T ey, e EYIER
g )

2CI, V.
ZRClw#l dl

dt =
Iog-12 1

)

Integrating this equation between the time instant im-
mediately after a jump, #,, when the current is very close
to Io (let us call it Ii ), and a time instant ¢, we get

i

I 121
+ 0~
r—ro+2RC(1—h)ln[—]uacmnﬁ
! Io =1i (6)

which provides a relationship between the current and the
time, until the other characteristic point is reached. There-
fore, we can calculate the time between two consecutive
jumps, at t," and at ¢ + T', and, thus, the period of oscil-
lation of the multivibrator as 7= 2T'. The oscillation fre-
quency results in f=1/ T, i.e.

1 1
" 4RC a I v, 1212
(1——IJ1n[—‘]+ ' _In g S
RI, Ii) 2R1, \Ij-I;

We conclude observing that the behavior analyzed is
characterized by a time-domain waveform of the current
presenting two intervals, during which the current varies
on the S-shape characteristic from /; to I, , and two instan-
taneous jumps from /. to /; . Therefore, the capacitor cur-
rent and, hence, the collector voltage have a near square
waveform.

f

()

BEHAVIOR AS NEARLY SINUSOIDAL
OSCILLATOR

Now, we show that the circuit in Figure 1 can operate

either as a multivibrator, as shown in previous section, or
as a nearly-sinusoidal oscillator. In particular, we perform

No. 5. 2021

a small-signal analysis around the quiescent operating
point Q of circuit showing that it can be unstable and that
this instability can be associated with a pair of natural
frequencies of the linearized equivalent circuit, which are
complex-conjugate with positive real part. Consequently,
nearly sinusoidal oscillations can take place in the circuit.
To this end, we calculate the impedance seen looking into
the emitter terminals of the circuit connected to the capac-
itor C, which is represented by the equivalent circuit
shown in Figure 3.

This circuit is obtained using for the BJTs T} and T,
the simplified small-signal high-frequency model and
neglecting the output resistances.

From the circuit in Figure 3, we calculate the imped-
ance seen looking into the emitters

R, +sL +s°
7(s) =k L tsLy +57d
(1+57,)(1+57,) ®)
where
k:2/(1+gmrﬂ') ; (93)
Ry=np+rz +R=Rrg gy : (9b)
Ly =Crprzp(np, +R)+
+Cylrg (ny +4R) + nyR(1+ g 1)) 9d)
C}frﬂ'
T,=—2Z . 7,=Cyu(r,+4R).
Td4g,r) TN (%)
L

Fig. 3. Small-signal equivalent circuit of the nonlinear
two-terminal connected to the capacitor

In order to investigate the behavior around the equilib-
rium point of the whole circuit in Figure 1, described by
the parallel connection of the capacitor and the two-
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terminal described by the linearized transfer function (8),
we analyze the roots of the describing equation

Z(s)(—sC) =1 (10)

which can be rewritten as

s kdC + 5% (kL,C+7,7,)
+sMR¢?+rz+r#)+l=O k“)

The roots of equation (11), which can be real or com-
plex, determine different behaviors of the circuit. Actual-
ly, if at least one root is positive then the circuit is unsta-
ble and an oscillation can take place. Moreover, if all of
the roots are real the circuit behaves like a multivibrator,
while if two roots are complex-conjugate the circuit be-
haves like a near-sinusoidal oscillator. The value of the
roots and, hence, the actual behavior of the circuit de-
pends on the values assumed by the circuit parameters, as
shown in Figure 4, where the roots of (11) are plotted into
the s-plane for different values of the transistor parasitic
capacitances.

Parameters used are I, = 3 mA, f = 50, R = 26Q,
rp, = 160Q, C, = 0,1 C;, Ve =3V, C = 1.5 pF and
Cn varies from 0.01 pF to 10 pF . Therefore, we deduce
that increasing parasitic capacitance values make the os-
cillator behavior to change from relaxation to near-
sinusoidal oscillator.

10

x10
6

Im

Real

Fig. 4. Root locus for equation (11)

Let us now consider the case that eq.(11) admits a pair
of complex-conjugate roots and the expression of Z(s) can
be simplified to

Z(s)=kR, +skL, . (12)

This impedance can be rewritten into the frequency
domain in the form

10
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Zw)=R,+ jo L, (13)
with R, = kR, and L, = kL,. Thus, we deduce that the be-
havior of the cross-coupled transistor pair at the emitter
terminals can be equivalent to that of an inductance in
series with a resistance, which can be made negative.
Consequently, the considered two-terminal can be re-
ferred to as locally-active inductive two-terminal, and the
whole circuit in Figure 1 can be represented by the series
resonant circuit shown in Figure 5.

A L______B
| _Z
I
C
Fig. 5. Equivalent linearized circuit of the multivibrator
in Figure 1

Taking into account (12), it can be shown that (10) has
a pair of purely imaginary roots, + jo,, with

1

2
Wy =—— L=k
" Lc b (14)
if the following condition holds
_d
| =
kL,C (15)

Moreover, eq. (10) admits a pair of complex-conjugate
roots with a positive real part if the following start-up
condition

d

Rl
kL,C

(16)

is met. Equations (14)-(16) allow us to easily design the
circuit in Figure 1 in order to operate as a nearly sinusoi-
dal oscillator. Anyway, it must be highlighted that the
steady-state oscillation frequency slightly differs from
that shown in (14), due to the effects of nonlinearity [6]
and because the circuit parameters are set in order to satis-
fy (16) and not (15).

When we need to use the complete expression (8) of
Z(s), it is easy to show that (11) admits a pair of purely
imaginary roots, + j@o, with

7,7
LC c a7

when Ry = R}, having defined
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kdCayy -7, -7,
lim = kC

(18)

and the start-up condition becomes R; < Ry, which re-
lates in a simple way the circuit behavior to circuit pa-
rameters, both active and passive.

SIMULATIONS

Numerical simulations of the considered circuit have
been performed for different parameter values confirming
that it can exhibit different behaviors.

Using the parameters [, = 3 mA, B = 50, R = 261,
r, = 160Q, C; = 0.1 {fF, C, = 0,1 C;, V¢ =3 V and to
C = 1.5 pF, the roots of describing equation of the linear-
ized model are real and two of them are positive. There-
fore, the circuit is unstable and behaves like a relaxation
oscillator, as shown by the SPICE transient simulation in
Figure 6.

200

150
~

100

50

Vo
mv] °

-50

-100

-150

-200
0 0.05 0.1 0.15 0.2 0.25 0.3

time [ns]

Fig. 6. Time-domain waveform produced by the circuit
operating as a relaxation oscillator

On the other hand, using the same circuit parameters
as above, just increasing the value of the parasitic capaci-
tances, i.e. Cn = 1 pF and C, = 0,1 pF, the linearized
model admits a pair of complex-conjugate roots with
positive real part.

In this case the equivalent circuit in Figure 5 predicts
an interaction between the equivalent inductance and the
external capacitance, leading to a near sinusoidal oscilla-
tion. As the start-up condition is satisfied, a near sinusoi-
dal oscillation is observed between the collectors (vy), as
shown by the SPICE transient simulation reported in Fig-
ure 7.
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Fig. 7. Time-domain waveform produced by the circuit
operating as a nearly sinusoidal oscillator

CONCLUSIONS

We presented a nonlinear analysis of the emitter cou-
pled multivibrator, obtaining exact relationships for calcu-
lating its waveform. Then, we showed that the circuit can
operate as an LC-tuned nearly-sinusoidal oscillator by
suitably setting the circuit parameters. In this case, the
circuit represents an alternative realization of a differen-
tial VCO which does not require an external or integrated
inductor.
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ABSTRACT

Lyapunov Exponents (LEs) can be considered as a statistical meas-
ure giving some approximate but signifficant insight in the behav-
iour of a dynamic system. If the systems we consider are models of
realistic electronic circuits, we can reasonably assume them to be
dissipative. LEs are useful to determine some general topological
properties of the attractive region so that, even if the state space has
a relatively large dimension, it is possible to foresee the presence of
stable equilibrium points, periodic or quasi-periodic trajectories or,
possibly, chaos. Lyapunov exponents and related measures such as
the Lyapunov dimension are used to characterize the dynamics of
complex systems and the geometrical properties of their trajectories
in the state space. A few methods are available for the numerical
computation of these measures and in most cases they are used only
for systems that are normalized, well behaved and with a low
dimensional state space. It is here proposed an approach that, being
based on the envelope following method for the integration of stiff
systems, can be efficiently used for the calculation of Lyapunov
exponents and dimension in real electronic circuits.
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INTRODUCTION

Lyapunov Exponents (LEs) can be considered as a sta-
tistical measure giving some approximate but signif cant
insight in the behaviour of a dynamic system [1], [2]. If
the systems we consider are models of realistic electronic
circuits, we can reasonably assume them to be dissipative.
While this assumption ensures the existence of at least
one globally stable region in the state space, it does not
give any information concerning the properties of this
region. LEs are useful to determine some general topolog-
ical properties of the attractive region so that, even if the
state space has a relatively large dimension, it is possible
to foresee the presence of stable equilibrium points, peri-
odic or quasi-periodic trajectories or, possibly, chaos.

Some of these dynamic behaviours can be unforeseen
by the circuit designer and, while being chaotic or even
hyper-chaotic may be a desirable characteristic for some
specif ¢ applications (see e.g. [3] and [4]), in many other
cases chaos can have a direct impact on noise, and, in
complex circuits having a state space of large dimension
where hyper-chaos is a possibility, this undesirable char-
acteristic may even be a source of noise indistinguishable
from other physical sources.

Determining LEs is, unfortunately, rather expensive
from a computational point of view and is only rarely per-
formed on systems having a large dimensional state space
and, possibly, very large scale differences among state var-
iables. An interesting approach that reduces computational
cost was proposed for systems with piecewise linear (PWL)
nonlinearities [5], [6]. In fact trajectories of PWL systems
are a succession of segments of trajectories of linear sys-
tems where each of these is determined in closed form so
that the only critical problem is to determine the transition
time instants between two adjacent linear regions. Since
LEs can be easily computed from the system transition
matrix and this is immediately available in linear systems a
very fast and accurate method is obtained.

In this paper we present a new approach based on the
Envelope Following (EF) integration method that, in
some way, can be seen as a generalization of the previous
PWL method. The EF method was originally proposed to
accelerate transient analysis of stiff circuits (see e.g. [7],
[8], [9]) and allows very fast convergence in the regions
of state space where trajectories behave with some regu-
larity, “slowing down” as necessary in regions where fast
variations occur.

In the following we brief'y recall some aspects of LEs
and the PWL method for their computation. We then out-
line the EF method used, and, eventually, present some
experimental results obtained with our own simulator,
implementing the EF method and the here pro-posed LE
algorithm.

LYAPUNOV EXPONENTS AND THE PWL METHOD

By assuming that state variables are well defned for
the system, that it is possible to defne a metric on state
space and that trajectories never leave some fnite subset
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of state space, we can say that, from a geometrical point
of view, LEs correspond to a measure of how lengths,
surfaces, volumes, ... are stretched or contracted in time
by the system vector feld. As it is well known this corre-
sponds to a measure of how initially close trajectories will
tend to become closer or to diverge versus time. All dy-
namic systems considered in the following are assumed,
for simplicity, to be autonomous and to have one single
attractive invariant set. This is not a limitation: if more
attractors are present we expect the trajectories computed
by EF method to remain in the proper attractive basin just
as those computed by any other methods.

Consider a continuous time system

x(t) =F(x(t)) xeR" (1)
given the initial condition x(f) = x, and the corresponding
trajectory o(x, ty, f) (or, for ease of notation, ¢ (¢)), def ne
for any ¢ > ¢, the corresponding variational equation by
introducing a new variable y(f) = ¢ (¢) + Ax(?) linearizing
and neglecting higher order terms we have:

y=2 3

x=w(t)

2

The fundamental matrix @(#) of the system is then
defned as the general solution y(¢) = ®(£)y(0) of the varia-
tional equation (2). If (1) is periodic of period 7 then
Ot + T) = ©(t)®(7) and the eigenvalues pj of ®(7) are
the well known Floquet multipliers [2]. In this case LEs
are easily defned as A; = (1/T) log |p; |. Consider now a
linear system

X = Ax(t) (3)

and its sensitivity to the Axy perturbation of the initial
conditions

Ax(t) = eAlT0) Axg @)
choosing a norm on state space we thus have

HAX(t)H — IleA(tfto)fsz

[Axo| 5)

for the normalized perturbation vector Z = Axy/||Axo||. The
right hand side of (5) is bound by a function of the leading
eigenvalue of A. In particular, for generic Z we have

lim
t—oo [ — 1,'0

log ||eA(t_t'“)§|| =\

(6)

where A, is the leading Lyapunov exponent. This ex-
ponent corresponds to a contraction or expansion of
lengths whose effects tend to become parallel to its eigen-
vector. A non generic choice of Z is necessary to fnd
contractions or expansions along other directions one for
each of them.

For a non linear system such as (1) we can assume
that small perturbations in the initial conditions still be-
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have with an exponential evolution satisfying, in this case,
the variational equation (2). We thus have for sufficiently
small Ax, and again for a generic Z :

1 ~

Jim — log | @ (7] = A -
and other non leading exponents can be found with
specif c values of Z. Direct computation of (7) for dif-
ferent and non generic values of Z is never performed in
practice, it is preferable to compute a short step transition
matrix that is orthogonalized before the effects of the
leading exponent overwhelms those of lesser ones. In the
case of PWL systems it is found a closed form expression
for the transition matrix ®(f) that can be computed in a
fast and accurate way [5], [6].

If an index is assigned to each linear subregion of the
PWL system and to the corresponding transition times
among these regions, we have

®(t) = eAr(t=tr) pAk—1(tk—tr-1) .. pA1(11-0) ®)

The only critical problem is the determination of tran-
sition instants; note that each “partial” transition matrix
found in each linear subregion must be orthogonalized to
avoid the overwhelming infuence of the leading expo-
nent.

The method proposed in this paper can be compared
in some way to the above approach. EF is used to fnd
regions where, even if the system is non linear, the transi-
tion matrix can be considered constant within a given
tolerance.

THE ENVELOPE FOLLOWING METHOD

Envelope Following methods have been introduced as
transient analysis acceleration techniques for highly stiff
oscillatory problems, see e.g. [7], [8] and [9]. Their appli-
cation for the determination of steady states of oscillators
has then been presented in [10]. In the sequel the basic
idea on which they rely is briefy recalled. Assume that a
circuit is excited by a periodic signal of period 7, denoted
as carrier, and that the solution can be represented as an
amplitude modulated signal at least in a suitable time in-
terval. We refer to T as the circuit working period. Sup-
pose that modulating signal is at low frequency with re-
spect to the carrier.

By exploiting these assumptions, we may infer that
the amplitude of the solution has a small variation from
one working period to the subsequent one and then a large
number of periods 7' must be considered to have an appre-
ciable relative variation in the amplitude of the modulated
signal. This also implies that it is not needed to accurately
solve the circuit in each working period but only in a re-
duced subset where cycles are separated by a time interval
multiple of 7. If this approach is adopted, the circuit may
be then simulated by “sampling” the carrier at a low fre-
quency rate, related to the modulating signal.
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Fig. 1. Sample output waveform for the LC-tuned bipolar oscil-
lator in Figure 2 evaluated using the EF algorithm. Time is in ps

The obtained samples constitute a discrete version of a
waveform that is referred to as envelope. It is straight-
forward to note that the EF approach reduces the number
of working periods simulated and speeds up time domain
simulation. The acceleration effect is immediately visible
in Figure 1, where the output voltage of the LC-tuned
oscillator later used in numerical experiments is shown.
From a different point of view the EF method performs a
dynamic linearization of the non linear system adjusting
the linearization each time a given tolerance is not
satisf ed. Note that the PWL approach previously outlined
exploits the intrinsic characteristics of the system model,
so that its transition matrix is def ned as the ordered prod-
uct of constant and well def ned matrices, each scaled by
an exponent that is proportional to the time interval in
which the system remains in the corresponding region.

Even if the system model is not PWL the EF method
tries to fnd regions where the transition matrix can be
considered as constant within a given tolerance. At the
beginning of each sample the transition matrix ®(7) cor-
responding to one period of length T (or approximated
period if, as in general, the system is non periodic) is
computed and a predictor — corrector algorithm is then
used to evaluate what is the maximum time step as a mul-
tiple of the period, i.e. nT , so that the transition matrix
can simply be taken to be ®,(7). To this end consider
once more (8), the corresponding equation as evaluated
by the EF algorithm is thus:

B(1) = (TP (Timr) - BT ()

with

"
t=) nT;
=1

and where, for the j-th step of EF, T} is the approx-imated
period, ®; (7)) the corresponding transition matrix, and nj
a scalar integer such that n; 7} is the maximum time inter-
val in which the corresponding transition matrix can be
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considered constant. If the system is periodic and is in its
steady state 7; = T Vj and all partial transition matrices
will be equal. In this case (9) reduces to
(1) = @(nT) = @7(T) (10)

In our implementation we have chosen to reduce nu-
merical problems induced by positive leading exponents
by using the simple QR factorization method (see e.g.
[1]), denoting as Q;R; the factorization per-formed at the
J-th step, i.e. for the term (I)_,-"j (T; )O;-1, we have, at the
(j + Dyth step

B(t)

=@ (T+1)Q; RjR;—1 -~ Ry
—_—

Qj+1Rj 41 (11)
where the factorization that is performed in the cur-rent
step has been evidenced. Since all R matrices are triangu-
lar, eigenvalues are immediately found as term by term
products.

As an effect of the approximation introduced by EF it
is interesting to note that convergence to LEs is less noisy
than other methods. This is not a surprise since EF is an
averaging method and tends to suppress high frequency
components.

EXPERIMENTAL RESULTS

The algorithm presented in the previous sections has
been implemented in our simulator [11] as an option of
the EF analysis. Since EF defnes a sort of dynamic PWL
approximation of a non linear system, we frst compare
our results to those obtained from the well known Chua
circuit that, being PWL ab origine, is a signif cant bench-
mark for our method. This circuit and the related normali-
zation schemes are well know in literature (see [12]).

Results have been frst compared to those outlined in
[5] and [6] for the normalized Chua circuit using the ref-
erence PWL method. As it can be seen in Table I, results
obtained with the two methods closely agree. The control
parameter is a, and a ‘*’ has been appended in cases cor-
responding to chaotic behaviour; results agree both when
the dynamic behaviour is periodic or chaotic.

Table I

Lyapunov Exponents (LEs) for the normalized Chua,
PWL and EF methods compared

Normalized Chua circuit

o PWL method EF method

8.0 0 -0.12  -1.22 | 0.0002 -0.1205 -1.2241
8.5% 0.08 0 -1.43 | 0.0688 0.0000 -1.4230
9.0% 0.23 0 -1.75 | 0.2328 -0.0112  -1.7320
9.78% | 0.26 0 -2.26 | 0.2594  -0.0027 -2.1014
10.05 0 -0.02 -1.61 | 0.0001 -0.0620 -1.5695
10.5% 0.3 0 -2.25 | 0.2944 -0.0110 -2.1903
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Results for a non-normalized Chua circuit are pre-
sented in Table II; as expected LEs have in this case a
relevant scale change if compared to the corresponding
normalized case (while preserving relative proportions).
For example the null exponent is far from zero in absolute
value, but not if compared to other exponents. In fact LEs
are invariant for coordinate change, but are affected by
changes in time scale (and, as expected, if these LEs are
multiplied by the corresponding time scaling coefficient,
in this case ~ 7.0 -+ 10, the normalized exponents are
once more found). In Table II we also report the
Lyapunov dimension (LD) obtained using the formula in
[13], i.e. as a function of the relative values of the expo-
nents. This measures, def ned only for strange attractors,
gives some information about geometric properties of the
attractor; it is also invariant for time scale changes so that,
as shown in Table II, its value does not vary in the nor-
malized or non normalized case.

Table II

Lyapunov exponents (LEs) and dimension (LD)
for the non normalized Chua circuit

Non Normalized Chua circuit, EF method

o’ LEs LD LD (norm)
8.0 -3.1 -1728.0  -1T7498.5 — —
8.5% 1183.4 -26.5 -20553.2 | 2.05628 2.04822
9.0% | 3295.25 -144.0  -25056.7 | 2.1258 2.1279
10.5% | 4363.39 -55.1267 -31673.7 | 2.13602 2.1294

An application of the method to a realistic circuit has
been tested on the LC-tuned oscillator shown in Figure 2
along with circuit parameter values. The circuit has a pe-
riodic steady state behaviour as shown in Figure 1. Since
all parasitic components have been included in the BJT
model the state space has a larger dimension than ex-
pected by considering the transistor simply as a non linear
resistive device.

Results for this circuit are summarized in Table III,
the oscillator working frequency is 308.54 MHz but re-
sults have been normalized to 1 Hz.

Vdd
Re
Rb
Rf
L1 C3 Cc Vout

—r—| af

Fig. 2. The circuit of the LC-tuned bipolar oscillator:
C1 =33 pF, C2=33 pF, C3=3.17 pF, Cc = 560 pF,
L1=100nH, Rf =680, Rb=100 K Q,Rc=12K Q
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Table 11

Lyapunov Exponents of the LC-tuned oscillator
in Figure 2, state space has dimension 8 for the presence
of 3 parasitic capacitances in the BJT model

LC—tuned oscillator, LEs
0.0002 -0.0267 -0.208 -0.208
-3.27 -3.31 -3.38 -4.09

As a last example consider the Colpitts oscillator in
Figure 3, the crystal is tuned at 5 MHz and has a quality
factor Q = 50000. Since, as for the previous circuit, 3 par-
asitic capacitors are included in the BJT model and 3 state
variables are contributed by the crystal, the state space for
this circuit has a total dimension of 9.

Vss

Fig. 3. The circuit of the Colpitts oscillator:
C, =33 pF, C, =560 pF, L, =390 pH, R, =33 KQ,
Ry, =22KQ,R,=15KQ, V=10V, Vi =-10V

Also in this case the results reported in Table IV have
been normalized using the oscillator frequency as scaling
factor.

Table IV

Lyapunov Exponents of the Colpitts oscillator

Cristall Colpitts oscillator, LEs
0.0002  -0.0145 -0.9426 -5.7829 -6.9743
-7.0267 -7.0575 -7.0571 -7.3513

S

0

1

-8 " L L L L ;
0 5 10 15 20 25 30
Fig. 4. Lyapunov Exponents of the Colpitts oscillator
in Figure 3 converge in few iteration of the EF algorithm
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Convergence of LEs using the proposed method is
quite fast and smooth, in Figure 4 we show the frst
30 iterations of the EF method. Results are within few
percents of the f nal values already after few iterations.

CONCLUSIONS

A fast method for the determination of the complete
Lyapunov spectrum of electronic circuits has been pre-
sented. The method has the advantage of computing LEs
during the normal circuit simulation (with a small compu-
tational overhead). Due to averaging properties of the EF
method, upon which it is based, convergence is fast and
affected by a small level of numerical noise.
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ABSTRACT

Low cost IC testing is now a burning issue in semiconductor
technology. Conventional IC tester, ATE (automatic test equip-
ment), cannot cope with the today’s continuously increasing
complexities in IC technology. Deterministic algorithm, which
is an idea of 1960’s, is adopted in the ATE. Recently pseudo-
random testing approach has been emerged as an economically
viable alternative to the expensive deterministic testing. This
paper introduces a SOC implementing pseudo-random test
technique for low cost IC testing with reliable performance. It is
capable of testing combinational circuits as well as sequential
circuits with scan-path facilities efficiently. It can also be used
for testing PCB interconnection faults.

KEYWORDS: ATE, Seed, LFSR, SOC.
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INTRODUCTION

Dramatic improvement of integration technology in IC
manufacturing is rapidly leading to exceedingly complex,
multi-million transistor chips. All the functionalities of an
electronic system are being integrated on a single chip in
less than 2 cm square silicon area. This growth is ex-
pected to continue full force for the future years. With the
increase of such integration densities and complexities,
problems associated with testing of ICs have become
much more complex and acute [1]. The cost of testing has
become a major portion of the total cost of an electronic
product. It is predicted in a survey that it will soon cost
more to test a transistor than to make it if current trends of
increasing testing cost is maintained [2]. IC testing has
now become a front-end issue in semiconductor world,
which needs an economic solution with reliable perfor-
mance.

Modern IC manufacturing company uses ATE. The
drawbacks of ATE are: (i) High equipment cost (ii) Slow
test speed (iii)) Huge memory requirements (iii) Tester
inaccuracy. All the drawbacks of ATE are pointing to-
wards having a new approach for cost effective IC testing.
Otherwise all the benefits of semiconductor technology
will be meaningless [3]. ATE is based on the determinis-
tic algorithm. In deterministic approach [4], CUT is ana-
lyzed at the beginning of the test to generate pre-defined
test patterns for detecting its faults. Deterministic test
pattern enables error signals, generated due to presence of
faults, and propagates them to some observable outputs
from the faulty nodes or lines. This method guarantees
full fault coverage but the increasing densities in the cir-
cuit leads to computational complexities and the require-
ments of huge amount of memory to store large test data
volumes.

Pseudo-random approach [5] is now emerged as an
economically viable alternative to the expensive deter-
ministic testing. In this approach, a set of test vectors is
generated randomly from 2" possible input patterns (n=
number of inputs). Linear feedback shift registers
(LFSRs) are commonly used for test pattern generation
because it has simple structure and can also be used as
output response analyzer. The main advantage of this ap-
proach is that random pattern generation circuitry is sim-
ple and a large number of test pattern can be generated
using smaller data storage.

The attempt to design and develop low cost IC tester
is prevalent among the researchers since 1970. A small
tester was built in the Laboratoire d’ Automatique de Gre-
noble in 1970 and performed some random testing trials
[6]. Test processor chip based on weighted random test
techniques have been reported [7]. This paper introduces
a SOC using pseudo-random test technique to develop a
cost effective IC tester. The tester needs simpler hardware
and control complexities and less memory space than that
of others. Tester inaccuracy problem has also been ad-
dressed by introducing the concept of single chip IC tester
which has been designed using industry standard HDL.
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In order to maintain the accuracy of the tester, it is es-
sential that the fabrication technology of the tester circuit
should be at the leading edge with respect to the CUT.
Since the design of the proposed SOC is in Verilog HDL,
which is technology independent, the soft core can be
reused to new fabrication technology keeping pace with
the today’s continuously changing technology environ-
ment. The performance of the IC tester has been verified
using fault simulation technique. The following sections
of this paper describe the design and operation of the SOC
and fault simulation results of benchmark circuits.

DESIGN OF THE SOC

Figure 1 shows the functional block diagram of the
SOC. Main modules of the SOC are a micro-UART, con-
troller unit, test pattern generator (PG), buffer register
(BR), signature analyzer (SA) and memory modules
(RAMs). All the modules except memory modules have
been designed using verilog HDL. The memory modules
have been used from Altera Quartus library. The design
has been compiled and simulated using the Qurtus EDA
tool.

Signature
Analyzer

Micro- Controller —’

Personal
Computer ‘ . UART ‘ '

IR |
(Information Register)

Test Pattern
Generator

Register

cutscan-path
>0-0u-0-0-0-0-0

Fig. 1. Functional block diagram of the IC tester

DESCRIPTION OF THE MODULES

Micro-UART: It consists of a transmitter and a re-
ceiver module. Data communication between personal
computer (PC) and the SOC is performed through the
UART. It is named as micro-UART due to its modularity,
configurability and extremely compact size [11]. A user
friendly GUI as shown in the Figure 2 has been developed
using C++ Builder for key-in test information such as
numer of primary I/O, number of CUT scan-path, number
of test set etc.

Controller: It consists of finite state machines
(FSMs) and datapaths. FSMs generate sequence of neces-
sary controlling pulses for loading data in the memory
and executing the test process of the CUT.

Memory and Information Register (IR): Necessary
information for testing CUT such as number of primary
inputs, primary outputs, test set, test length etc. is stored
in the IR and memory modules (RAMs). Three RAMs
named as test length storage RAM (RAM_TL), seed stor-

No. 5. 2021



No. 5. 2021

age RAM (RAM_SD) for random pattern generation and
signature storage RAM (RAM_SG) have been used.

Pattern Generator (PG): It is a 32 bit LFSR and its
feedback connection is according to primitive polynomial
PX) =1+ X+ X7+ X+ X

Buffer register (BR): The BR is also 32 bit. Test pat-
tern generated from the PG is loaded into the BR and is
applied to the CUT and the output response is also cap-
tured into the BR and is sent to the SA.

Signature Analyzer (SA): The SA has similar struc-
ture of the PG except having two inputs. The state of the
SA is given by the equation:

S(t +1) = [T 1.[S®)]" + [R(?)]" where, S(¢+1) and S(f)
are SA states at times t+1 and t respectively. [T] and
[R(f)]" are the transition matrix of the SA and are the tran-
siti(3)2n matrix of the SA and Aliasing error of the SA is
/27~

=
Testing HCustomize Testing ‘ COM Setting l View Report ‘

Number of Scan Path

MNumber of Input Mumber of Output

B | B NG

Max 1 Maxr 2 Mar 33—
e @ P @ P

@ R

~op - SR

Number of Test Set
[+ |

Sighature Generation

D [+]

Test Length 1
[10 |

Signature 1 Seed1
2070834467 | [o |

Test Length 2
10 |

Signature 2 Seed 2
4258567171 [ |

Test Length 3
10 |

Sighature 3 Seed 3
2925735311 ET] |

Test Length 4
[10 |

Sighature 4 Seed 4
597577033 | J40 |

Fig. 2. Graphical user interface (GUI)
between the SOC and the PC

OPERATION OF THE SOC

Operation of the SOC has two phases: (a) load/write
data in the IR and the memory modules (b) circuit test and
retrieval of test result. These two operations are controlled
from the GUI as shown in the Figure 2.

Load/Write: Prior to IC testing, the following infor-
mation is loaded in the IR and memory modules.

e  Load the IR with necessary information such as
number of CUT primary inputs and outputs, number of
CUT scan paths, number of test sets,
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e  Load the test length of each test set in the test
length storage RAM

e Load the data in the seed storage RAM for ran-
dom test pattern generation

e Load the reference signature in the signature
storage RAM.

Circuit test and response retrieval: At the beginning
of test of IC, the PG, BR and SA are reset to zero and the
test mode is set on from the GUI. The test sequences are
as follows:

Loopl
If test mode on {
Read the test length for the 1st test set,
Read the seed value of LFSR for the 1st test set,
Read the reference signature for the 1st test set,
Set seed in LFSR by setting input set_seed=1,
Loop2
Enable LFSR for max(pi,sp) clock cycles,
Enable buffer register for max (pi,po) clock cycles,
Enable signature analyzer for max(pi,po,sp) clock

cycles,

Set the CUT to normal mode by setting input
cnm=1 ;

If ecnm=1 {

Apply test vector to the CUT
Capture response and send to signature analyzer
Increment test_counter value}
If test_counter value=presetted test length {
End_set(e_set)=1 ;
Compare signature with reference signature }
Else goto Loop2
Ife set=1 {
Increment set_counter, }
If set counter_value=presetted number of test set {
End_test (e_test)=1,
Ready for next test, }

}
Else goto Loop 1

SPECIFICATION OF THE SOC

Specifications of the SOC are as follows :

e  Maximum CUT input/output pins: 32
Maximum CUT scan-path: 128

Maximum test: 4

Maximum generated test vectors: 1.7 x 10’
Maximum test length 2'* K

FAULT SIMULATION RESULTS

For the evaluation of the performance of the IC tester,
fault simualtion experiments on ISCAS85 benchmark
circuits [9] have been conducted using TetraMax fault
simulator of the Synopsis EDA tool. Pseudo-random test-
ing approach has the drawbacks of requirements of higher
number of test vectors to achieve acceptable fault cover-
age. This problem has been overcome by using appropri-
ate seed of the LFSR.
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Summary of the fault simulation results have been
presented in the Table 1. It shows that if the LFSR is ini-
tialized using appropriate seed then it is capable of pro-
ducing acceptable fault coverage using lower number of
test vectors. The results are comparable with that of other
researchers [7, 10].

Table 1
Summary of the fault simulation results
ISCASS5 Number of test % Fault
Benchmark vector coverage
Circuits
C432 288 100
C499 928 100
C880 384 98.74
C1355 1300 100
C1908 2208 100
C5315 1408 99.13
CA288 128 100
CONCLUSIONS

Design of a cost effective IC tester has been presented.
Since the IC tester is SOC, it posses improved perfor-
mance, improved reliability, reduced power consumption,
reduced cost, reduced system size and short time-to-
market. It requires lower data storage requirements. The
performance of the tester verified and showed that it is
capable of producing 100% fault coverage using lower
number of test vectors.
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ABSTRACT

The design of microwave circuits needs a good analysis of the
performances of the field-effect transistor equivalent circuit.
Indeed the small signal equivalent circuit of the field-effect
transistors makes it possible to easily determine their per-
formances such as the gain and the noise figure. A field-effect
transistor constitutes a propagation structure along its gate
width. Telegraphists’ equations are solved for this structure.
One deduces from this the effect of the propagation on the
transistor Z-parameters which can be taken into account in
electric simulations and which may improve the use of long
transistors at lower frequencies and of short transistors at

higher frequencies [1].

KEYWORDS: FET equivalent circuit, field-effect transistor,

microwave circuits, Z-parameters.
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INTRODUCTION

The small signal equivalent circuit of the field-effect
transistors makes it possible to easily determine their per-
formances such as the gain and the noise figure. However
this conventional equivalent circuit shown in Figure 1
does not take into account all the effects of propagation
which can occur along its structure due to the distributed
nature of the gate.

Lg R, ?Fd Ry Lg
— (YY" A YL
L
R. 4
2 G,y g 1/Gy T Cas
cgs T’FV

R,

Ly

Fig. 1. Equivalent diagram of a field-effect transistor

It is convenient to use the admittance parameters to
characterize the transistor electrical properties, which
were given in system (1).

[ 31 =RiCo @2+ jO(Cos+Ca)
yi=—jwCg
y'2] =gm —jm(ng +gm(Rngs' +T))

| V'2=ga+ j@(Cus+Cg) (1)

Several works showed the propagation effects on fre-
quency limitation of the transistor [2, 3, 4]. Other works
proposed structures not only to overcome wave propaga-
tion losses on gate electrode but also to take advantage of
travelling wave effects [6, 7, 8, 9].

To overcome this difficulty, we developed a new
method allowing to obtain a new equivalent circuit of the
field-effect transistors which takes into account the prop-
agation phenomena. In section II of this paper we describe
our new method by detailing the various theoretical stag-
es. The variation of the device [Z] parameters according
to the gate width are shown in section III. We finally
show the propagation phenomena in terms of new ele-
ments of the equivalent circuit.

THEORETICAL ANALYSIS
Figure 2 indicates the zone dealt with in this paper.

The three metallic pads giving access to the active part
of the transistor are located apart from the rectangular

SYNCHROINFO JOURNAL

frame. These pads are related to the three electrodes of the
transistor which are the gate, the source and the drain.
They can be simulated by an 2.5D electromagnetic tool.

source
, ............ R ‘
V](Z)J i‘(z) S
Tgrille gk o l
4/ v,y(2)| 1,(z) g
0 wl

Fig. 2. Equivalent circuit of a field-effect transistor

The part within the rectangular frame is regarded as a
parallel lines structure whose elementary section length is
modelled by series parameters corresponding to the cur-
rents parallel to the gate, and parallel parameters corre-
sponding to the currents perpendicular to the gate. The
source current is perpendicular to the gate. So the access
resistance r; is included into the parallel elements and the
self and mutual inductances are neglected. The gate cur-
rent is parallel to the gate, so the access resistance r; and
inductance /; are included into the series elements. The
drain current includes both parallel and perpendicular
components. So the access resistance consists of a series
r, and a parallel rd elements, and the access inductance /,
is a series element.

Figure 3 represents in a simplified way, a dx long
field-effect transistor section.

Fig. 3. A dx long section field-effect transistor section

The field-effect transistor extrinsic series parts consti-
tute a propagation structure whose primary parameters are
i, l], r and lz .
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The transistor intrinsic part of width dx may be de-
scribed by its admittance matrix [y’]ox. The parallel ac-
cess elements rg/0y and r,; /8y are put in series respectively
with the source and the drain. They all are described by
the admittance matrix [y]ox.

It is assumed that, in the gate access plane (x=0) the
voltage v; and the current i, represent respectively the
gate voltage and current, while the open end of the drain
is open. So the current i, is zero.

At the other end, in the drain access plane (x=W), the
voltage v, and the current -i, represents respectively the
drain voltage and current, while the current il at the open
end of the gate is zero.

The resolution of the telegraphists’equations with the-
se boundary conditions expressed in (2) allows us to ob-
tain the complete electric parameters of the transistor in
terms of a complicated combination of hyperbolic func-
tions (3)

A(VV)QQ(O}:O open ended line

u(O):vg‘.
i @)
- Iz [ j/z—Aﬂ ,},]2—_14
Zn \/(A+B)l—4(AD—BC)L Y, COhy W+ 7. COthyZW:|
Z =2 2( 1 1
Ty \ v Sy Sy

Bz
ZIZ .

_ 1 1
“J+DY-4(an-BC)| ¥ Shy W ’J/zShyzW]

4
A g

_ Yt comy X1
_J(A+D)2—4(AD—BC)_ cony,

2 1

A
COth y‘W}

3)

Two propagation modes appear with y1 ety 2 as prop-
agation constants [5]: a slow mode which propagates sim-
ultaneously between the source and the gate and between
the source and the drain, and a fast mode less attenuated
which propagates mainly between the source and the
drain. Although PI topology of our equivalent circuit sup-
ports the use of the parameters admittance to characterise
our structure, it appears that the impedance parameters are
more convenient to calculate.

The expansion of the hyperbolic functions to the order
1 describes an elementary W-wide transistor. Its admit-
tance matrix is [y].W

The expansion to the order 3 provides the usual gate
and drain access elements

=r1W L
3 ?

’
R g

, LW
g 3

, T, W T,
Ry =-94+2% . I
w3 3 w
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Lastly the new propagation elements appear with the
expansion to the order 5.

[ z- y'lzy'j}'}uzzy.“p}ﬁi]!é+Z:g} up
4 y'.zy':/-'}'ny'..v;’ 22y

| yyyyy’}’ W
ik

K @)

That leads to the equivalent circuit in Fig. 4 in which
supplementary elements appear, proportional to W3. On
the source an impedance {;;W> appears. On the gate an
impedance (;;-;2)W” appears. On the drain an imped-
ance ({2-C12) W and a voltage source (&1-C12)i, appear.
The terms {;; are given by:

_Z21722312 . _ 2172521
e YL o

2 2
_atvi L, _7'vn
i1 5 ;82 5

with Z1 =1 +j11(,0 s Z) =1y +j12(D
We obtain finally the equivalent diagram of a field-
effect transistor shown in Figure 4.

!

—

@{.;)W‘ii . (CorloyW

W3 1, W3

Cn-L)W W3

g

/W

Cll“ﬁ

Fig. 4. Equivalent circuit of transistor with the propagation
elements

The [Z] parameters of our new equivalent circuit are
given in (5) where the matrix [z’] is the inverse of [y’].
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NUMERICAL RESULTS

The following results have been calculated from the
founder’s data for an OMMIC ED02AH PHEMT.at
VGS:-O.IV and VDSZO.ZV.

Variation of the Z parameters

Figure 5 shows the variation of W times the real part
of Z;; as a function of W*. The slope of this curve for the
lowest frequency gives a good approximation of 7| and its
intersection with the ordinate axis gives a good approxi-
mation for rgtr;. The concavity which appears for larger
transistors denotes the effects of the propagation terms.

1,00E-02
X

8,00E-03 | ¢ 40GHz X
s m 30GHz X [ |
2 6,00E-03 {  20GHz X m u R
= 4,00E03 {X2GHz x ©
Q w v
14 W~

2,00E-03

0,00E+00 - ‘ ‘

0 0,01 0,02 0,03 0,04
WA2(um A2)

Fig. 5. Variation of R (Z,,)W v.s. W* for several frequencies

Figure 6 shows the variation of Wo time the imagi-
nary part of Z;;. The slope is very small, which shows
that 1 is not significant. The intersection with the ordinate
axis gives a good approximation for -1/c.
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Fig. 6. Variation of 3 (Z;;)oW for several frequencies

The other Z parameters show less significant varia-
tions due to the propagation phenomena.

MEASUREMENTS AND RESULTS
The Z-parameters were determined for the OMMIC

ED02AH PHEMT with a gate widths (W) were as shown
in following.

w 10 75 100 | 150 | 175
(um)

200

The above-mentioned transistors were four fingers. It
is thus necessary to multiply all parameters Z by four to
have only one finger.

Measurements giving the R (Z;))W and 3 (Z;))oW
variation along the gate width Figure 7 and 8 correspond
well to the simulated parameters. However we note that
the founder data (Philips Design book) do not correspond
with reality.
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Fig. 7. Variation of R (Z,;)W v.s. W2 for several frequencies
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Fig. 8. Variation of 3 (Z;;)oW for several frequencies

No. 5. 2021



No. 5. 2021

The 10um gate width transistor measurement has
sometimes an odd behavior. The same problem for 2GHz
frequency.

CONCLUSION

Large field effect transistors are not used because of
thermal and propagation phenomena. But, the frequencies
becoming higher and higher, the propagation in short
transistors may be significant. The results that we present
in this paper are limited at 40GHz, which corresponds to
the higher frequency of our network analyser. When
reaching frequency around 100GHz, we can imagine that
the propagation becomes sensitive even for short transis-
tors. This is the reason why we have developed a modi-
fied equivalent circuit.

The variations of the Z parameters of a transistor with
the gate width allows to evaluate the propagation effects
on the equivalent circuit. The concavities of the curves
that we have drawn give this information. But some other
features of the curves give good approximations for some
elements of the conventional equivalent circuit.

A new extraction procedure is being developed and a
new noise model is being carried out by the use of the
same theory.
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ABSTRACT

In order to investigate the effect of asynchronous fast frequency hop-
ping-multiple access (FFH-MA) systems due to the frequency offset,
we evaluate the bit error rate (BER) performance, using noncoherent
M-ary frequency shift keying (FSK) modulation in the Rayleigh fad-
ing channel. While the frequency offset increases at a given signal to
noise ratio (SNR), the BER is severely degraded due to the loss of
orthogonality of received symbols. With 10% frequency offset, about
5 dB SNR is required additionally to obtain 2 x 10-3 BER, compared
to that in the perfectly frequency synchronized case. For the SNR of
more than 20 dB, the threshold level of the receiver suffering from the
frequency offsets should be greater than that of the perfectly syn-
chronized receiver.

KEYWORDS: Hysteretic Oscillator, Frequency domain techniques,

Floquet's multipliers.
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INTRODUCTION SYSTEMAND CHANNEL MODEL

For several decades, frequency hopping-multiple access A. TransmitterModel
(FH-MA) communication systems have become an attractiveTne pinary data sequence of rai, is mapped into an
technique. Both of synchronous_and .asynchronous FH-Mfy_ary frequency shift keying (MFSK) signal sequence of
systems have been used extensively in the areas of sateflife. . where R, = 1 /T, = Ry/log,M. Let the kth user
and ground military applications. Recently, FH-MA systemgansmit a symbolyy, for 7, wherem,, € {0,1,--- , M—1}.
have become more common for commercial applications ffhe symbol representing an MFSK signal is converted to a
the license-free industrial, scientific, and medical (ISM) ba”%nstanm-tuple representing g, M bits message, i.e.,m=

[1]. {my, my,--- ,my}. The message represented ad atuple is

The performance analysis of the various synchronous Fh4ded modulo-Mo an address sequence which isatuple
MA systems have been evaluated in [2]-[5]. In the asypyq unique for each user, i.@, = {ako,ar1, -, apr-1)}
chronous case, however, it is not easy to analyze the SYSigfkreq, ¢ {0,1,---,M —1}. As a result, it produces a new
performance due to the difficulties in handling asynchronocigggyence of lengtii, i.e., by = {bko, br1, -+ br-1)} =

of the multiple interferers. The evaluation of multiple integrgh, «, a,, where denotes modulo-Maddition. Each code-

to obtain the expression for the probability of error, which i§qrd, »,,, is used for selecting one out of the available
not very attractive, is required. Many literature works related tg, orthogonal frequencies. Each codeword modulated by the
asynchronous FH-MA systems have been reported. At first, sk modulator is then hopped to one amapdopping fre-
error probability is upper bounded by 1/2 whenever a hop is Wﬁencies per hop duratioff}, = T,/ L. Each user is assigned
by interferers in [6]. In [7] and [8], a Gaussian approximatiofhgependently a Markov hopping pattern which makes two
method was used to simply approximate the probability errefynsecutive hopping frequencies to be different. The signal

In [9], the effect of non-orthogonality of the interfering signalgransmitted by thekth user forT, is given by
due to the asynchronocity (i.e., random delays) of users was

neglected in the analysis on the assumption that the frequency 1

separation between two symbols is much larger than th _ _ .

minimum required to guarantee orthogonality. In [10] and [11],§k ()= lz_; V2Ppr, (¢ = ITi) explj(2m(fe + fia)t + b))
expression for the probability of error was derived when a a Q)
hop is hit only by one interfering user. Recently, in [12], bwhere pp, (¢) is a unit amplitude pulse of the hop duration.
using characteristic function and two dimensional integral, tie and f. are the transmitted power and carrier frequency,
approximated error probability was obtained. respectively, andfd,; is random phase introduced by the

Like any other digital communication systems, the FH-MA ca-€ncy hopperfi = ¢uM/Th + b /Ty, where gy &
. Q. 1,---,Q — 1} is a hopping frequency index.
system suffers from frequency offsets caused by the imperf CE_et K active users exist in the FEH-MA svstem. Accordin
estimate of hopping frequencies in the dehopper. Hence, it ) Y ' 9
to the frequency hopping pattern and address sequence of

is interesting to investigate the effect of frequency offset the desired user, the received signal is dehopped. When
asynchronous FH-MA systems. ) ) ) )

In this paper, we analyze bit error probability of the faglpterferers cause hits for thth hop, the resulting output signal
FH-MA (FFH-MA) system considering all possible hits undefS represented as
the presence of frequency offset.

This paper is organized as follows: Section Il describes the L7

system and channel models. In Section Ill, the BER formulas”d(t) = Z Z ay exp(jor)pr, (t = (I = ex)Th)

for the FFH-MA system are derived under the presence of the 1=0 k=0

frequency offset. Numerical results are described in Section explj (2m(fe + g /Th + AF)E + 0r)] +n(t), (2)
IV, and conclusions are given in Section V.
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where the part corresponding to= 0 is the desired user’s row of the T-F matrix. Then, based on the majority logic
signal, andgy; = (by; — ao;) mod M. Note thatgy, = m, decision rule, if a desired row contains more entries than any
for all . Af denotes the frequency offset. It is assumespurious rows, a correct decision is attainable, otherwise, error
that the frequency offsetAf, is the same fod, hops of all Wwill occur [3].

users, and less than the minimum frequency spacing among

M-ary symbols, i.e.,.—1/T, < Af < 1/Th. aj is the A. Insertion Probability

channel gain having Rayleigh distributiop; is the phase of  The insertion probability is defined as the probability that
channel having uniform distributioft), 2), andn(t) denotes the output of the envelope detector is larger in magnitude
the AWGN with two-sided power spectral density 8%/2. than a given thresholdj. Let n; = {ng;, n1, - ,ny,;} and
Note that uncertainty about phase of the received signal— {c; ¢, ... ¢, }. Conditioned om; ande, the insertion

Or1 + ¢k, is also uniformly distributed within0,27), and probability at thenth envelope detector for thigh hop can be
independent ofvy, [12]. €, is timing misalignment relative given by

to the desired signal, wheeg is uniformly distributed within 5
[0,1) for k # 0 andgy is set to be zero. :/ O2\dR— —B

The dehopped signal passes through the noncoherent MFSIJDI”l(nl’El) 0 Jro (RIQ7)dR= exp x(ng,e) /)’ ©
demodulator, which consists a¥/ envelope detectors. The

_ 132 nl
output of thenth envelope detector is represented as where B = ; No/2E},, and

JL Jl
. X(nl,e) = Zxk(nkl,sk) = Z[SinCQ(nol + p) + No/Eh]/J
2 h . k=1 k=1
Fim = T /m ra(t) exp(j2m(fe +n/Th)t)dt|,  (3) + (1= ep)*sin®[(ngs + p) (1 — &), 7

where E,, /N, is the average received SNR per hop, and
where|-| means an absolute value of the argument. We assu 1= 3/\/No/T}, is the actual threshold levet normalized

that the average received power per hop is the same fdr all,y the rms noise power, which is used commonly in envelope

hops. Then, the contﬁhongl probgbnny density function (pdf}etectors. This threshold level needs to be selected properly to

of R, has the Rayleigh distribution given by optimize the BER performance. The selection of a threshold
level depends on system parameters and channel conditions.
(6) containsJ; random variables related to the asynchronous

2
fr,, (RIQ?) = %exp (RQ) 7 (4) transmission. For simplifying the analysis, the characteristic
Q 2Q function can be used. Let(n;,e) = x; and xx(ngi, ex) =
where xx: for simplifying the notation. Whery,, (z|n;) exists over
xr <z < xy, (6) can be represented as
Jl Jl ru
02 = Z Paye sinc?(ny + p) + Z {Pave(l —ep)* Pro(ng) = / exp(—B/x) fy, (z|n;)dx

k=0 k=1 TrL

. 1 o0

sine® (g + p)(1 = £i)) | + No/Th, 5) = [ uin)H W), 8)

where @, , (w|n;) is the characteristic function of,, (z|n;),

. def . . .
wheresinc(z) = sin(rz)/7mz, Paye is the average received,, i1 is defined ag f, (z|n) exp(jwz)dz, and

power,p is normalized frequency offset, i.ea, = Af/T},, and

ng = g — n. Note that even though interferers’ signals are o . vk (k-1 i on—1 o
received asynchronously?,; does not contain interferencesH (w) :Z (5){ Z { k (1‘7w) ’ eXp(k_‘]:m)}
caused by adjacent symbols aroundthesymbol. The reason = K k=1 k-n)
is why the Markov hopping pattern is used. (—jw)k—t _ j _ v
The demodulated signal passes through hard-decision de- + WEi(—wa) + = exp(—jwz) ;
tector (the resulting output is 1 or 0), and the receiver’s time- r=xL
frequency (T-F) matrix can be reconstructed [3, 12]. ©)
wherej ¥ /=T and f(z)|> denots £(b) — f(a). E;(+jz) =
BER PERFORMANCEANALYSIS Ci(x) + jSi(z), whereCi(z) = — [ “W g and Si(z) =

-3 +wa Si’;(t) dt arecalled Cosine integral and Sine integral,

By using (4), the insertion probability is obtained, whichiespectively [13].
is used for the hard-decision decoding and majority logic Since {x:|k=1,2,---,.J;} are independent random vari-

decision. With the majority qulc deglsmn, it is mvestlgatg%1 les, @, (w|n) = ®.,, (w|ny). Conditioned oy, the
that how many entries exist in spurious rows and a desire Pratet
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pdf of xx; is given by The probability that there aré entries in thenth row is

gl sninnl/inctol for g < <y IVENPY
f (x‘nkl) _ 27 7”” Py (x—a)? ST >
Xkt ‘nkil/aﬂ"nkl‘é’:‘)a)2 forb <z <ce, P,(ilm) = Z H Prp, ( H (1—Prpi(m))
[m(ng—p)]2 dll le{0,---,L—1}
_ L ) 10 o<11< <z “io1 Il e £l
wherea = [sinc® (o, + p) + No/Bnl/J, b= a + 552250, (15)
ande = a + ﬁ sgn(z) = 1 for z > 0 andsgn(z) = —1, The probability that is the maximum number of entries and
TNE - . .. . . .
otherwise. By using Taylor series §1+$ —1-Llo4322—...) exactly k spurious rows contain entries is given by
and some manipulation®,,, (w|nx;) can be given by k
w P(i, k|lm) = P, (i
& (w| ) 2|n]l| + Sgn(ml) ’ F(t)ejwtdt (Z |m) nl;’”k ﬂ:l : (Z|m)
X \ WMl 2exp(—jwa)  Jo 0<ny <--<np<M—1
c—a -1
+ [nji| exp(jwa) / F(t)e’*dt,  (11) 1T > Pu(klm) (16)
b=a all n€{0,,M—1} k=0
Cosin ntn e ny,
where F(t) = qi = ( hia | ey and
n=0 e Letd = {Jy, J1,---,Jr—1} be a given hit pattern foE hops.
d(k) is the kronecker “delta funct|on (11) can be simplifie€onditioned on a given hit pattern, the conditional probability
with the following relationships [13]: of correct symbol detection is given by
t zx t M—1 L
ptertdy = 25 f/a:tfle”da: (12)
/ - z z P.( MX:O;P ilm) ZkJrl (i, klm) (17)
™ m
—dx = | —erf(v/—2x), 13
VT -z ( ) (13) Then, the probability of correct symbol detection is given by
whereerf(z) % 2 2 [Ve ~t*4¢. (12) and (13) can be used for
evaluatmg (11) by letting — {-0.5+nn=0,1,2,3,---} P.= > PO I[P (18)
and z = jw. However, it still requires infinite summation Jo,J2, 5 JL -1, =

to get the exact result of (11) wheA(t) is converted 10\ here the probability thaf; of total (K — 1) inter érerscause
Taylor series. Numerical observation shows that wii&) hits for theth hop is given byP,(J;) = (Kﬂ)(g).fl(l _
is represented as Taylor serie(t) specified within0 < 2)K—7=1 [13]. Finally, the BER is obta{ﬁed QbyP _
t < (¢ —a)/2 can be represented as the summation of &’,, ' ’ b
most 10 terms. However, in order to represéift) specified 2(Mfl)(1 —F)
within (¢ — a)/2 < t < (¢ — a), the summation of at

least 100 terms is required. In other words, the amount of

summation depends on the integral intervalpon (11). To For the numerical analysis, it is assumed that 4 active

solve this problem, we use the symmetric propertyFg#) Users existin the system, and the separation between adjacent
for 0 < t < (¢ — a) . For example for t5 > t; > (c — a)/2, hopping frequencies is assumed to be larger than the coherent

ff? IR (t)dt = efwlema) [7 0 tle iwtF(t)dt. When using bandwidth so that each hopping frequency channel fades
above relationship, it is enougﬁ to use at most 10 terms ipflependently.

NUMERICAL RESULTS

F(t) represented as Tayler series. In Fig. 1, the sensitivity of the BER performance in the
_ asynchronous FFH-MA system due to the frequency offset
B. Bit Error Rate is illustrated using the 4-ary FSK signaling. The frequency

Due to asynchronous transmission and frequency offseffset and asynchronous transmission of users destroy the or-
different received MFSK symbols are no longer orthogonahogonality among received symbols, giving rise to significant
On the assumption that theth symbol has been transmittednterference. The increase of the frequency offset induces the
by the desired user, the insertion probability at each enveloperease of loss of the desired signal’s energy, so that the
detector is averaged over all transmission symbols of interfER would be more degraded. For getting the BERL®f?

ers. at given normalized frequency offset p£0.2, the SNR of

Pra(m Z Pra(ng) (14) about1.5dB is additionally required, compared to the case

all mp, of the perfect frequency synchronization. With the normalized
except mor=m-—n frequency offset of more tham?2, however, the BER 0f0~2

wheren; = {no;,n11,-++ ,n5}, " = g —n, @and gy, € is not obtainable even though the SNR increases. Moreover,
{0,1,--- , M — 1}. Then, the insertion probabilities of entriesnith the normalized frequency offset of more than 0.4, it is
at the desired row and spurious rows are giveniy,;(m) difficult to achieve the improvement of the BER performance
and Py,,;(m), respectively, wheres # m. simply by increasing the SNR.
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Figure 2 shows normalized threshold levels commonly used,

in envelope detectors to obtain the BER performance depicted
I
——

in Fig. 1. A numerical search algorithm is employed for
specific values of the SNR and frequency offset to obtain
normalized threshold values optimizing the BER performance.
The step size for the search algorithm is set to 0.1, because it iso
small enough to optimize the BER. Such normalized threshold
levels depend on given system parameters ((&.(0), andL) g
and channel conditions. Figure 2 shows that, with the existené&e

of the frequency offset, the normalized threshold level for the \\ \\
large SNR of more than about 20dB is quite high compared to10”

the case of the perfect frequency synchronization (h=Q). -~ NFO=0.0

This implies that when the SNR increases, the amount that the DE HEg 2 8:; Do

desired user’s signal loses its own energy due to the frequency - NFO=03 S

offset becomes larger than the amount that interferers’ signals | L=—NFO=04

are robbed of their own energy by the desired envelope10 5 10 15 20 25

detector, because most of energy that interferers’ signals lose Average received SNR

is absorbed into unwanted envelope detectors. Consequently, if

the threshold level for the perfect frequency Synchronizati%ﬂfse%sfifr}\?t'fti °£2Te5?fy£°fr§”?v“j§': EA ?/gy?/\t/?:rilijelrtg ;:22%232
system is used for the system suffering from the frequengaymalizedfrequencyoffset

offset, the BER performance of the system with the frequency

offset would be more degraded.

11 T \ \ \
—6— Average received SNR = 5dB
—&— Average received SNR = 10dB|
—o— Average received SNR = 15dB|
—&— Average received SNR = 20dB|
| —>— Average received SNR = 25dB|

/

A

CONCLUSIONS 10

Frequency offsets give rise to the reduction of the desired
signal’s energy and cause the interference among symbols. The
BER performance is severely degraded with the increase of tHes
frequency offsets. For large SNR values of more than 20dB, &
the frequency offset increases, the normalized threshold Iev%l7
also increases compared to that used for the perfect frequer*csy6
synchronization.

5 S
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ABSTRACT

The H.264 video coding standard provides a compression gain of
1.5 x 2.0 x over H.263 and MPEG-4 simple profile. One of the
major differences between H.263 and H.264 is the transform cod-
ing. The transforms of H.264 employ only integer arithmetic oper-
ations such as additions and shifts without multiplications, with
coefficients and scaling factors that allow for 16-bit arithmetic
computation on first-level transforms. The integer transforms also
solve the mismatch problem like H.263. These changes lead to a
significant complexity reduction, but with only less than 0.02 dB
decrease in PSNR. A novel parallel 4x4 multiple transforms archi-
tecture for H.264 is presented in this paper. This architecture is
based on Wallace trees and can process 4 inputs in parallel. This
architecture has been designed and synthesized in SMIC 0.18um
technology. The result shows that this architecture can achieves
above 1,200M pixels/sec throughout and consume only 5625 gates.
The timing-area property of this architecture is improved com-

pared with the previous architecture.

KEYWORDS: Architecture, Transform, H.264, Wallace Tree.
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INTRODUCTION

The H.264 video coding standard provides a compres-
sion gain of 1.5 x — 2.0 x over H.263 [1] and MPEG-4
simple profile [2]. One of the major differences between
H.263 and H.264 is the transform coding [3, 4]. The
transforms of H.264 employ only integer arithmetic oper-
ations such as additions and shifts without multiplica-
tions, with coefficients and scaling factors that allow for
16-bit arithmetic computation on first-level transforms.
The integer transforms also solve the mismatch problem
like H.263. These changes lead to a significant complexi-
ty reduction, but with only less than 0.02 dB decrease in
PSNR [4, 5].

Although the computation complexity of the trans-
forms in the H.264 standard is less than H.263, hardware
implementation of the transform coding is required in
both dedicated and platform codec systems to accelerate
the processing and alleviate the loading [6]. Hence, Wang
[7] proposed a parallel transform architecture for H.264,
which can process 4 pixels per cycle and achieve 360M
pixels/sec at 80MHz.

The Wallace tree was proposed by C. S. Wallace in
1964 [8]. This method can be used to sum up all the bits
of the partial product in each column and is employed by
many fast multipliers [9, 10]. Based on Wallace trees, we
propose a new parallel 4x4 transform and inverse trans-
form architecture for H.264 in this paper. The new archi-
tecture has the following characteristics:

e It takes Wallace trees instead of adders of four
operands and can decrease the length of critical paths and
gates count.

e  Its four parallel datapaths are more independent
and need fewer multiplexers than Wang’s.

e  The subtracters needed by H.264 transforms are
merged in Wallace Trees.

Experimental results show that the area of our archi-
tecture decreases about 10% and the critical path delay
decreases about 20% compared with Wang’s [7].

This paper is organized as followed: Sec.2 introduces
the transform coding in H.264. Sec.3 presents the archi-
tecture based on adders proposed by Wang[7]. Sec. 4
gives the parallel 4x4 transform and inverse transform
architecture based Wallace trees proposed by us. Sec.5
implements and compares the proposed architecture and
Wang’s.

TRANSFORM CODING IN H.264

The video coding layer of H.264 is similar in spirit to
other standards such as H.263. It consists of a hybrid of
temporal and spatial prediction, in conjunction with trans-
form coding. Figure 1 shows a block diagram of the video
coding layer for a macroblock(MB). The spatial predic-
tion is also called intra prediction. There are two types of
intra prediction in H.264. One is 4x4 intra prediction and
the other is 16x16 intra prediction. The temporal predic-
tion is the multiple reference frame and variable block

32

SYNCHROINFO JOURNAL

size motion estimation. Besides predictions and trans-
forms techniques, H.264 also employ other advanced vid-
eo encode technique, such as context adaptive variable
length coding (CAVLC), Context-based Adaptive Binary
Arithmetic Coding (CABAC) and deblocking filter.

Coder Control

Control Data

Transform
Video Result

Input

Entropy
Encode

Intra . -
O‘-I prediction I | Deblocking Filter I

fintra/ lnteg’
Motion Reconstructed
Compensation Buffer

A o Motion
- = Vector
Motion
Estimation

Fig. 1. Block diagram of H.264 encoding flow

The residual MB is coded as Figure 2. It is divided in-
to sixteen 4x4 blocks for luminance and 4 blocks for
chrominance. If the 16x16 intra prediction mode is chosen
for the MB, the DC items of the luminance are extracted
to form a 4x4 block. Hadamard transform is then applied
on it.

DC coefficients

Luma
Fig. 2. Residual coding order of H.264

Just like 8x8 DCT, we can implement the 2-D 4x4 in-
teger DCT in this paper by row-column decomposition
techniques. There are two types of 4x4 transforms for the
residual coding. The first one is for luminance residual
blocks. The 1-D transform and inverse transform matrices
are shown in (1) and (2).

Fol [t 1 1 17[x0
Fl| |2 1 -1 -2| X1
F2| [1 -1 -1 1| x2
F3 1 -2 2 1| X3 (1)
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Xo| [t 1 1 12]Fo
X1 (1 V2 -1 -1 ||[Fl
X2 |1 -1/2 -1 1 ||[F2
X3 [1 -1 1 -1/2)|F3 Q)
The other type of the transform is Hadamard trans-
form. It is applied to the luminance DC coefficients in
16x16 intra prediction mode. The 1-D inverse Hadamard
transform is simply the transpose of (3). Because the

transform matrix is symmetric, the inverse hadamard
transform is the same as the forward transform.

FO] [1 1 1 17x0
FU| |1 1 -1 -1 X1
F20 |1 -1 -1 1| x2
F3| |1 -1 1 -1 X3 3)

The three types of transform matrices above only con-
tain 6 coefficients: 1, -1, 2, -2, 1/2 and -1/2, which can be
implemented by shifters and adders. The sign of the coef-
ficient at the same position is same. These characters are
helpful to simplify the design of the transform architec-
ture.

TRANSFORM ARCHITECTURE
BASED ON ADDERS

Wang [7] implemented a 4x4 integer DCT architec-
ture by row-column decomposition techniques. He over-
lapped three transforms in (1), (2) in a single architecture,
which is showed in Figure 3. In Figure 3, all the adders
have three inputs, among which one input is not changed
and one of the other two inputs is required to be selected
by the transform type. For the different transform types,
some inputs should be multiplied by corresponding coef-
ficients: 1, -1,2,-2, 1/2 or —1/2.

Fig. 3. Architecture for three types transform based adders

PROPOSED ARCHITECTURE

2-D 4x4 Parallel Transform Architecture

We also adopt the classical row-column decomposi-
tion method [11, 7] for 2-D 4x4 transform and inverse
transform architecture for H.264, as shown in Figure 4.

SYNCHROINFO JOURNAL
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Fig. 4. 4x4 2-D transform architecture

The output of the first 1-D 4x4 transform module on
the top of Fig.4 is fed to a transpose array. The transpos-
ing result of transpose array is fed to the second 1-D 4x4
transform module as the left transform part of Fig.4. The
two transform modules and transpose array form a pipe-
line structure, which enable the architecture can process 4
pixels per cycle.

The transpose array is a 2-D FIFO array, which can
shift along two directions. One FIFO element consists of
a two input multiplexer and a register. The multiplexer
controls the data flow direction of the FIFO. The first
input of the multiplexer is the data from the upper regis-
ter. The second input of the multiplexer is the data from
the right register. If all of the multiplexers select the data
from the upper registers, the FIFO array will be shift
down. The bottom row of the register array will be out-
putted to the second 1D transform unit. However, if all of
the multiplexers select the data from the right, the FIFO
array will be shift left. The direction will be changed eve-
ry four valid input clocks so that the transpose operation
can be done in this register array.

1-D 4x4 Transform Architecture

The 1-D 4x4 transform module is shown in Figure 5,
which contains four Wallace trees and eight shift mod-
ules.

X0 X1 X2X3

mode

¥YVYY

WTo WTi WT2 WT3
Yo Y1 Y2 Y3

Fig. 5. Architecture for three types transform
based Wallace trees
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The structure make the best of the characters of 4x4
transforms of H.264 discussed in Sec.2. The four parallel
datapaths are independent from each other and intercross
little. The core of the datapath is a Wallace tree. Every
Wallace tree implements a 4x1 transform. The inputs of
the Wallace trees are independent and do not need to be
selected by multiplexers. In order to implement the multi-
plying of 2 and 1/2, two type shift modules are designed:
right shifts (RSHT) and left shifts (LSHT). The sign ‘o’
before some inputs of Wallace trees are designed for sub-
tracting operations.

The shift modules are controlled by the transform
mode to decide whether or not to shift and introduce only
a delay of one level gate. If the transform mode is the 4x4
transform for luminance residual blocks as (1), LSHTs are
selected. If the transform mode is the 4x4 inverse trans-
form for luminance residual blocks as (2), RSHTs are
selected. Otherwise, all shifts are all deselected.

Wallace Trees Architecture

The structure of a Wallace tree is shown in Figure 6.
In our architecture, Wallace trees are used to substitute
for the adder trees of four operands.

Carry bits fnrlsublmcling
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Fig. 6. Wallace tree supporting subtracting

The Wallace trees offer three advantages compared
with adder trees. Firstly, a single 4-2 compressor contains
only 6 gates and includes a critical path with the maximal
delay of three XORs [9, 10], which will decrease the cost
of the area and timing. Secondly, the structure of Wallace
trees is more regular than adder trees’ and is suitable for
the placement and routing. Finally, the subtracting needed
by H.264 can easily be merged into Wallace trees while
introducing a little of gates.

A subtracting can be looked as an addition of the min-
uend and the negative of the subtrahend. The negative of
the subtrahend can be calculated by complementing each
bit and then adding 1. In Figure 5, the sign ‘o’ before the
inputs of Wallace trees denotes the operation of comple-
menting. The operations of adding 1 are postponed into
Wallace trees.

By observation of Figure 6, we can find that there is
one additional bit in the compressor structure and adder,
which can generate four types of carrying value (0,1,2
and 3) to add to original calculating of Wallace trees.
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This structure consumes a little of gates and introduc-
es the single delay of INVERT (viz. complementing) to
implement three possible types of subtracting in 4x4
transforms of H.264.

Bit Width Design

Our proposed architecture should meet the bit width
requirements of three types of transform. Both the speci-
fication of H.264 [3] and the analysis [7] guarantee that
the 16 bits arithmetic is enough, so the datapaths and
transpose array in our architecture are implemented with
16 bits.

IMPLEMENTATIONS AND COMPARISION

The proposed architecture in this paper is designed
and simulated by Verilog HDL. The logic is synthesized
by Synopsys’ DC with the Verisilicon standard cell li-
brary [12] on SIMIC 0.18um 1P5M process. In order to
compare the implementation results to Wang’s architec-
ture fairly, the version of Wang’s multi-transforms archi-
tecture on the same technology and constraint as us is also
implemented.

The other individual architectures proposed by Wang
are not implement, because the multiple transforms are
always required by H.264 but not any individual trans-
form. The gate count and delay are listed in Table 1.

Table 1
Implementation results of our proposed parallel
and Wang’s
Architecture | Technology | Critical Area
path delay | (gates)
(ns)
Wang’s[7] | TSMC 11.35 6538
0.35um
Wang’s SIMIC 5.35 6305
0.18um
Proposed SIMIC 4.27 5625
0.18um
CONCLUSIONS

In this paper, we propose a novel parallel 4x4 multiple
transforms architecture for H.264. This architecture sup-
ports Forward/Inverse transforms for luma residual blocks
and DC coefficients used in H.264 and can process 4 in-
puts in parallel. We have mapped the architecture to
SMIC 0.18um technology.

The architecture can run on a system clock of more
than 300MHz and achieve 1,200M pixels/sec throughout.
Compared with the previous architecture [7], its area de-
creases about 10% and critical path delay decreases about
20%. The architecture proposed in this paper can be ap-
plied to a hardware accelerator or dedicated design for the
H.264 video codecvideo codec design of H.264.
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ABSTRACT

5G is the latest generation of mobile cellular technol-ogy, which is
designed to significantly increase Internet speed, coverage and reduce
the data packet transfer time in wireless networks. 5G brings together
all latest and most advanced developments of mankind in terms of
communications and IT. This is the limit of existing tech-nologies of
microelectronics and data radio transmission. The new generation of
5G mobile communication has a number of fundamental advantages
compared to 4G: higher data transfer rate; low signal delay; the abili-
ty to connect more devices; high energy efficiency; multiply increased
throughput; high user mobility. Another im-portant difference of 5G
deserves attention — large-scale virtualization. The new technology
goes beyond just hardware solutions. Many functions in it are imple-
mented not at the level of physical infrastructure, but in a soft-ware
way. This article covers the topic of applicability of GNSS and 5G
mobile communications. The material of article will tell you why
GNSS and 5G are interesting and how User Equipment developers
can start shaping the 5G device market today.

KEYWORDS: GNSS, 5G network, standards, MIMO, LTE.
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INTRODUCTION

Communication networks of the fifth generation (5G),
together with Big Data and the Internet of things (IoT),
are designed to become one of the digital economy foun-
dations, the main driving force of which is artificial intel-
ligence. Over the past 40 years, four generations of mo-
bile networks have changed. If the first generation 1G
cellular networks have long disappeared, then 2G, 3G and
4G networks still continue to be exploited. Moreover, a
certain amount of the legacy infrastructure of 3G and 4G
networks will organically become part of the fifth genera-
tion 5G mobile networks [5, 19].

Number of devices connected to the Internet and re-
quirements of subscribers for the speed of mobile access are
increasing every year. Developers of telecommunications
equipment and telecom operators update the networks archi-
tecture and interaction regulations. 5G networks are emerg-
ing, which are the next stage in the 4G networks evolution.
Geography of 5G application in the world is noticeably ex-
panding. In 2021, we managed to find 5G practices in 14
new countries: France, Italy, Australia and New Zealand, the
countries of South America. The largest number of new
practices were found in China (22), Great Britain (17) and
the USA (16), which became more visible on the global
landscape largely due to the activity of local operators [8].

The internal geography of 5G is expanding - they are
being actively implemented not only in capitals and meg-
acities, but also in provinces, regions and small towns.

The key functional areas in which 5G practices are being
most actively implemented are: industry, transport, enter-
tainment, security, communications and medicine. In indus-
try, there is a development of scenarios that were discovered
last year. This is implementation at industrial facilities (at the
level of infrastructure hubs), equipment management. In the
transport segment, among other things, technically complex
practices were implemented: for example, providing com-
munications for high-speed transport routes. In most areas,
another trend is noticeable — many new practices have be-
come more narrow-profile, that is, within the framework of
one practice, a narrower range of tasks is solved and a small-
er range of technologies is used in addition to 5G.

Enterprises are actively using private 5G networks. As a
rule, they are deployed by industrial enterprises - most pro-
jects in this direction were carried out in private networks.
However, such practices are also found in the segments of
transport, medicine, security, and agriculture [8]. Half of
Russian practices are also implemented in private 5G and
5G-ready networks (that is, ready to be launched in fifth-
generation networks after the approval of the relevant stand-
ards), also mainly in industrial enterprises [12-14, 16-17].

5G wireless communication networks require very
tight time synchronization at every node to maximize
spectrum usage efficiency and capacity throughput [18].
All Remote Radio Heads (RRH) must be time synchronized
to +/- 1.5 us in their base mode of operation. If your RRH
timing drifts outside of this range, it will shut down to
avoid interfering with adjacent cells.

SYNCHROINFO JOURNAL

5G communications networks rely on high-precision
source clocks that lock to the Global Navigation Satellite
System (GNSS). If the GNSS timing reference is lost or
impaired, calls will drop and data services will dramati-
cally slow down or stop altogether. Highly dense 5G ar-
chitectures often require a 10x increase in the number of
nodes and GNSS traceable source clocks, but ideally,
operators could avoid the expense and security exposure
of installing GNSS receivers in every clock node [1].

This article covers the topic of applicability of GNSS
and fifth generation (5G) mobile communications. The
material of the article will tell you why GNSS and 5G are
interesting how User Equipment (UE) developers can
start shaping the 5G device market today [6].

GNSS & RTK

Let's look at the history of Global Navigation Satellite
System (GNSS) and Real Time Kinematic (RTK). One
technology that GNSS often relies on, RTK, is a global
satellite positioning technique that helps GNSS improve
the validity and accuracy of target data. In terms of posi-
tioning, positioning and maximum accuracy, the combina-
tion of GNSS with RTK increases the level of accuracy.
RTK amplifies the phase signal exchanged between
transmitter and receiver, providing centimeter-level accu-
racy and real-time signal correction.

Currently, GPS, GLONASS and Galileo are the main
operating GNSS. With the advent of GNSS technology,
many assistive technologies known as Regional Naviga-
tion Systems came into play. The technology concept is
the same as GNSS, but covers less geographic areas.

GNSS satellites have two carrier waves fixed in the L
band, namely L1 (1575.42 MHz) and L2 (1227.60 MHz).
The main purpose of these two wavebands is to transmit
the signals of the connected satellite to the surface of the
earth. Using L-band technology can reduce overhead
while providing a reliable connection that is less prone to
interruptions. The introduction of L-band with the right
antenna placement offers a number of benefits for agricul-
tural drones, marine technology, remote monitoring, and
more. On the other hand, GNSS receivers placed on the
earth's surface consist of an antenna and a processing unit.
The purpose of the antenna is to receive coded signals
from connected satellites, and the task of the processing
unit is to decode the signals into meaningful information.

GNSS-R
receiver
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To determine the position of one receiver, GNSS must
collect data from at least three separate satellites. Each
GNSS satellite revolves around the Earth at an interval of
11 hours 58 minutes and 2 seconds. The time information
transmitted by the satellite is transmitted using codes so
that the receiver can determine the time interval during
which the code was transmitted.

The signals transmitted from a satellite contain coded
data that helps receivers pinpoint its location, and the re-
ceiver itself positions itself exactly according to the posi-
tion of the satellite. The receiver IC calculates the time
difference between the broadcast time and the coded sig-
nal reception time. Once the receiver is positioned accu-
rately relative to the satellite, the processing unit trans-
lates the receiver's location in terms of latitude, longitude,
and altitude.

The application of GNSS technology has led to a
change in the concept of position tracking with a high
degree of accuracy and a wide range of coverage. Recent-
ly, GNSS has been included in the automotive industry,
now almost every car company is integrating GNSS tech-
nology into their car models. GNSS is also widely used in
aircraft. Preliminary terrain mapping and real-time GNSS
terrain updates allow pilots to avoid collisions in air traf-
fic. What's more, the GNSS used in aircraft cockpits also
uses technologies such as WAAS or GBAS (LAAS) to
improve heading accuracy.

Unlike traditional ground-based navigation aids, the
Wide Area Augmentation System (WAAS) provides nav-
igation services across the entire National Airspace Sys-
tem (NAS), according to the Federal Aviation Admin-
istration. WAAS provides additional information to
GPS/WAAS receivers to improve the accuracy and integ-
rity of current position estimates.

In addition to the wide range of GNSS applications in au-
tomobiles and aircraft, GNSS is also used to navigate
boats/yachts and ships on the surface of the water. Ships also
use a GNSS functional block called the "Man Overboard"
(MOB). This feature allows the ship's crew to accurately
mark the location of a person who has fallen overboard.

Surveying and geological mapping is another important
application of GNSS. Most GNSS receivers use signal data
generated at the L1 wave frequency to perform geological
mapping. It is equipped with an accurate crystal oscillator
that helps the wave reduce clock errors when mapping. Re-
searchers can also make highly accurate measurements by
calculating the appropriate offset between GNSS sensors.
For example, if an actively deforming area (volcano) is sur-
rounded by multiple receiving stations, then GNSS can be
useful to detect any kind of earth deformation or movement.

In addition to the above GNSS applications, important
ones also include: mobile satellite communications, loca-
tion-based emergency and accurate services, improved
weather forecasting, photographic geocoding, marketing, etc.

The Inertial Measurement Unit (IMU) plays a vital
role in global navigation satellite systems. If the signal is
obstructed by something (trees, buildings, etc.), then the
signal cannot provide accurate positioning. In tandem,
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GNSS and IMU provide end users with more powerful
and accurate navigation solutions.

Thanks to recent technological advances, many con-
cepts and technologies have significantly changed the
playing field for robotics, satellite communications and
navigation as we know them. The Global Navigation Sat-
ellite System is a key player among innovative technolo-
gies. Real Time Kinematic provides GNSS with centime-
ter-level accuracy with real-time signal correction capa-
bility. The combined use of GNSS and RTK ensures max-
imum accuracy and the highest tracking quality, making it
the most powerful combination on the market today.

APPLICABILITY OF 5G SUBSCRIBERS

5G is not just a new standard for mobile communica-
tion, the introduction of 5G networks will transform our
perception of the world in the long term and lead to the
social transformation of society. At the same time, the eco-
nomics of networks will change: the average transmission
speed will increase by 40 times, while the cost of delivery,
on the contrary, will decrease by 30 times. By 2024, ac-
cording to analysts, up to 30% of mobile traffic will go
through devices with 5G support. 5G technology will ac-
count for 15% of the global mobile telephony sector by
2025 (GSMA forecast, www.gsma.com); for Europe and
China this figure will be 30%, and for the USA 50%.

5G standardization

The standardization of 5G technologies and solutions
should be completed by 2021, so the term 5G so far refers
to only fragmented solutions that will be part of the full-
scale IMT2020 solution in the future. Such solutions are
already being deployed in different countries, but they are
still local and test in nature and do not provide all the
planned functionality of IMT2020 networks.

Main standards organizations 5G

3GPP (3rd Generation Partnership Project) — an alli-
ance of seven organizations that develop various tele-
communications standards, which, in turn, include other
partners. The task of 3GPP is to formulate specifications,
evaluate proposals, and finally adopt standards. In addi-
tion to developing a common architecture, 3GPP is also
developing 5G New Radio (NR) radio technology stand-
ards for new frequency bands dedicated to 5G.

ETSI (European Telecommunication Standard Insti-
tute), The European Telecommunications Standards Insti-
tute, which is a member of 3GPP and is most active in the
development of 5G standards.

IETF (Internet Engineering Task Force) develops 1P
protocol upgrade solutions to support Network Fucntion
Vitrualization (NFV) network functions virtualization.
For example, the IETF has developed Service Function
Chaining (SFC) technology that combines virtualized 5G
architecture components such as base stations, service
gateways, and data packets in a single path. This allows
the dynamic creation and chaining of Virtual Network
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Functions (VNFs). The IETF works closely with the
3GPP.

ITU (International Telecommunication Union) —a UN
agency based in Geneva that standardizes a wide range of
telecommunications technologies. In particular, it coordi-
nates work on sharing the radio spectrum, including for
5G networks. In addition to these three main coordinating
organizations, there are a number of others in which sys-
tematic practical work is underway to develop IMT2020
(5G) standards.

5GPPP (5G Infrastructure Public Private Partnership),
is considered one of the leading 5G standardization part-
nerships. The organization sets ambitious goals for devel-
oping requirements for the 5G network, for example, cap-
turing network capacity by 1000 times, reducing the pow-
er consumption of user devices by 90%, significantly re-
ducing the time to create new services and services, com-
plete and secure network coverage and with negligible
data transfer latency, etc.

NGMN (Next Generation Mobile Networks) Alliance.
The Next Generation Mobile Network Alliance is stand-
ardizing the full range of 5G solutions. The alliance in-
cludes the management of leading American operators:
AT&T, U.S. Cellular and Verizon.

In addition to these, there are industry and regional
organizations such as 5G Americas, Small Cell Forum,
which also make a great contribution to the development
and standardization of 5G solutions (Fig. 1, 2).

3GPP 36PP 36PP 3GPP Release-17
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Figure 1. 5G standardization roadmap in 3GPP

Source: The ABC’s of 5G New Radio Standards.
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Source: www.itu.int [11]
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Large telecom operators such as AT&T, Verizon, etc.
also make a great contribution to the development of
standards. They coordinate their work with ETSI and
ITU, but sometimes they are ahead of these organizations.
Therefore, the decisions of these operators often form the
basis of ETSI and ITU standards.

The figure below shows the planned distribution of 5G
low-frequency spectrum in various countries and regions
of the world according to WRC-15 (Fig. 3).
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Figure 3. 5G low-frequency band distribution
in various countries and regions of the world

Source: Nokia [9]
Key indicators of the 5G standard and technology

5G (fifth generation) — a generation of mobile com-
munications operating in accordance with telecommuni-
cations standards following the existing LTE (4G) tech-
nology.

The 3GPP consortium began the formation of the 5G-
NR (NR — New Radio, radio access technology for 5th
generation mobile networks) specification in 2015. Then
plans for the preparation of specifications were an-
nounced. In accordance with these plans, the 1st phase of
the specifications was to be completed before the second
half of 2018 (as part of 3GPP release 15), and the 2nd
phase — before December 2019 (as part of 3GPP release
16). At the moment, the Ist phase is completed with a
delay of a year, and the 2nd is shifted to the third quarter
0f 2020 (Fig. 4).

Figure 4. 3GPP Specification Release Plan
Source: https://www.3gpp.org
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e  The 3GPP standards and specifications are creat-
ed by market participants and take into account a wide
variety of business problems, each of which, of course,
has its own specific requirements. Recommendation
3GPP TR 38.913 defined the following key indicators for
next generation networks:

e 20 Gbps downlink peak data rate (spectral effi-
ciency 30 bps/Hz);

° 10 Gb/s peak uplink data rate (spectral efficiency
15 bit/s/Hz);

e  minimum delay in the radio access subsystem for
URLLC services — 0.5 ms, for eMBB services — 4 ms;

e  maximum density of devices from the loT world
connected to the network in urban conditions — 1'000'000
devices/km?;

° autonomous operation of devices from the world
of IoT without recharging the battery for 10 years;

e  support for mobility at a maximum speed of
500 km/h.

And now briefly about some of the technologies
through which the actual implementation of fifth genera-
tion networks becomes possible.

FREQUENCY AND BANDWIDTH

The 3GPP TS 38.211 V1.2.0 (2017-11) specification
defined new radio frequency bands for 5G (Tabl. 1) and
divided them into two frequency blocks: FR1 (frequencies
up to 6GHz or sub6G) and FR2 (frequencies above 6GHz
or mmWave). Working on higher frequency ranges allows
you to eliminate various interferences in the network that
distort data transmission. In addition, the higher the fre-
quency, the higher the bandwidth, and the bandwidth of
the channel directly depends on it. So, for the FR1 block,
depending on the SCS used (Sub-Carrier Spacing, subcar-
rier radio frequency spacing option), the width of one
radio channel is up to 100 MHz, for the FR2 block — from
50 to 400 MHz! Unlike LTE networks, which allow
channels with a width of only 1.4, 3, 5, 10, 15 and 20
MHz. And if you combine channel width with frequency
aggregation (CA), then for one connection you can
achieve spectrum of 2 GHz and more (Tabl. 2).

Table 1
Frequency bands for 5G networks

RF Block RF range
FR1 450 — 6 000 MHz
FR2 24'250 — 52'600 MHz

MASSIVE MIMO AND BEAM FORMING

Beamforming with MIMO antennas is not a new con-
cept and already exists in the cellular market as AAS (Ac-
tive Antenna System) [15, 20]. An AAS MIMO antenna
mounted on a tower allows you to divide the coverage
area into static cells, thereby increasing the efficiency of
spectrum use, and therefore increasing the number of
channels. But today's congested networks require dynam-
ic digital beamforming to maximize spectrum efficiency.

The application of the concept of MIMO antennas in
the FR2 millimeter wave becomes even more interesting
because millimeter-wave radio waves have good directivi-
ty due to the increase in the number of antenna elements
per antenna. An array of such antenna elements (256 or
more) can be combined into one so-called. Massive
MIMO antenna. By controlling the phase and amplitude
of the signals, such an antenna is able to dynamically
form many strong and sharp beams in the directions of
specific users [25, 30]. With Massive MIMO we get:

— strong signal at the output in the direction of the UE;

— s rong signal/noise level in the direction from the UE;

— absence of intercellular interference;

— a signific nt increase in the number of communica-
tion channels per cell.

Thus, MIMO technology takes on different meanings
in the sub6G and mmWave bands, as shown in Table 2.

Table 2
MIMO in sub6G and mmWave bands
Sub6G mmWave
IMIMO order |up to 8x8 x2
Meaning Static spatial multiplex-Dynamic

ing for multiple users  [beamforming for one|

user

Charac-teristic [Multipath, ideal for spa-Distribution in ling|
tial multiplexing. Ex-of sight. Bulk con-
tended coverage areajnections with ultra-|

indoor coverage wide bandwidth
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Sounding Reference Signal (SRS)

Known since 3GPP Release 14, the technology is an
important addition to Beamforming. It allows the base
station to learn about the channel quality through a special
packet sent from the UE. Typically, most UEs can only
support sending SRS through their main transmit antenna.
Therefore, the base station can only receive channel in-
formation for this antenna. However, using the transmit
antenna selection technique, complete channel infor-
mation of all UE antennas can be obtained. Therefore, the
base station can generate a beam in the direction of the
UE in the best way. As a result, the throughput of the UE
will increase significantly, especially at points at long and
medium distances from the base station (up to +40%).

SCENARIOS AND EXAMPLES OF THE PROVISION
OF MOBILE SERVICES IN 5G NETWORKS

Some of the previously listed indicators, such as, for
example, peak data transfer rate and autonomy, are simply
incompatible and even mutually exclusive. But all these
indicators at once should not be performed by one device
at a time or, in principle, supported by the entire list. The
idea is to distinguish between different types of mobile
radio service scenario depending on the degree of im-
portance (high, medium, low) of a particular indicator. In
the concept of Network Slicing, the physical architecture
of 5G will be divided into many virtual networks or lay-
ers, each of which is designed for a different use case.
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Each of the scenarios will satisfy one or another set of
previously indicated indicators and, accordingly, is aimed
at its own market segment. The specification defines only
three scenarios:

— ¢ BB (enhanced Mobile
broadband mobile communications;

— U LLC (Ultra-Reliable Low Latency Communica-
tion), ultra-reliable, low-latency communications;

—  MTC (Massive Machine-Type Communications),
mass machine-to-machine communication.

Broadband), ultra-

NB-IoT and eMTC for mMTC

mMTC — scenario of machine-to-machine interaction,
when human participation is minimal, and all processes
are automated. mMTC devices include: water, gas, elec-
tricity meters; street lighting controllers; parking space
sensors; GPS/GLONASS bookmarks; various smoke/fire
sensors; burglary sensors; "smart" trash cans and other
IoT devices. As you can see, high speed and ultra-low
latency are not at all important here, but autonomy and a
huge number of connections in the network are very im-
portant. We are talking about the so-called. LPWA (Low
Power Wide Area) devices — about mass, simple and
cheap devices with ultra-low consumption, capable of
operating on a single battery up to 10 years.

Standards and specifications for LPWA networks
were laid down in releases 13 (Cat.NB1 and Cat.M1) and
14 (Cat.NB2 and Cat.M2) of 3GPP and currently NB-IoT
networks (aka LTE Cat.NB1/NB2) and eMTC (LTE
Cat.M1/M2) are already in commercial operation. Net-
works for such devices are characterized by low transmis-
sion rates (up to 150 kbps in LTE Cat.NB2 and up to 1
Mbps in LTE Cat.M1), wide and "deep" coverage. It
should be noted that the beauty of NB-IoT and eMTC is
that the deployment of networks by mobile operators does
not require huge investments and the allocation of sepa-
rate frequency bands — these LPWA networks can operate
in existing frequency bands and on existing network
equipment, while one basic the station can serve a wider
area than existing 2G, 3G or LTE networks.

Streaming video

Market participants predict a shift in such a classic ap-
plication as "video streaming" to the right, towards in-
creasing data transfer rates without special requirements
for delays. The main driver for this will be the need for
high-quality 8K video.

Today, there are TVs with 4K video support on the
market and some providers provide video content of this
quality. But reliable access to such content can only be
obtained by those connected to the fiber-optic Internet,
access to which is not available in all settlements. With
the advent of 5G, 4K and even 8K video will become the
norm for all residents of the city and suburbs, and in the
field of film/photo production, such quality as detail will
become even more important (Fig. 5).
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Figure 5. Network bandwidth requirements
of different video formats

Consumption of video content on a widescreen TV
sets download bandwidth requirements. However, 5G
opens up higher speeds for uploads as well. This will
open the door to the introduction of urban video surveil-
lance systems with intelligent face recognition on all con-
tinents. In such systems, the entire computing part with
artificial intelligence is on the network, all that is required
of CCTV cameras is to be able to transmit video of the
proper resolution to the server. There are examples of
implementation of such systems in the world.

The government of Shanghai (China) has been using
such a system since 2015. More than 170 million "smart"
video cameras are connected to it. For example [2], this
system helped to detect a criminal in a crowd of 50,000
on the way from a concert of a popular singer. He came to
the concert with his wife and, according to the detainee,
he expected to get lost in the crowd.

In practice, such systems bring the city not only sav-
ings on security and operational-search activities, but also
generate a positive socio-economic effect — citizens and
tourists are not afraid to buy expensive things, visit public
places at any time of the day, and business is not afraid of
the safety of clients and property is now the task of the
city. With the advent of 5G, this system has only become
more efficient and less costly to deploy and maintain, and
therefore more affordable.

Sky Office

In the early stages of commercial 5G deployment,
with the exception of smartphones, it is expected that the
laptop with Sky Office connectivity will be the key 5G
product. Sky Office is the concept of moving laptop com-
puting power to the cloud by equipping the laptop with a
built-in 5G modem. The cloud can host not only user files
(Cloud Drive), but also software such as MS Office 365
(Cloud Office) or gaming software products (Cloud
Games). In this concept, the laptop becomes, simply put,
a screen with a keyboard and a camera.

If cellular networks provide a delay of a few millisec-
onds and provide a dedicated reliable communication
channel on an unlimited basis (Network Slice), then
working with Sky Office in the future may become a pop-
ular way to use a laptop.
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At the same time, the consumer will receive a number
of interesting consumer qualities that are unattainable
with conventional laptops:

. low consumption at the level of tablets with a
battery life of 14 hours or more;

e  "always ready", the laptop does not waste time
downloading software, it is already running - in the cloud;
e  “ready everywhere”, losing a laptop no longer

means losing data and licenses;

e  thin and light body, the composition and struc-
ture of the notebook are simplified, and this entails a re-
duction in size and weight;

e  passive cooling, the laptop no longer performs
energy-intensive calculations and heats up slightly;

. communication is safer than Wi-Fi, because. 5G
is almost impossible to hack, the communication channel
is protected by the latest encryption algorithms.

Of course, turning the Sky Office concept into reality
requires building an entire ecosystem with the participa-
tion of players from several industries at once, such as
operating system and software manufacturers, laptop
manufacturers, mobile operators, cloud service providers,
chipset manufacturers, eSIM manufacturers and 5G mod-
ules. But despite the complexity of implementation, Sky
Office is expected to have rapid growth in China and
many other countries in the near future.

Virtual and augmented reality

The entertainment industry has always been a driving
force in the development of consumer electronics. The
highest performance requirements come from game con-
sole consumers. The most advanced, but also less com-
mon technologies in the gaming world are virtual reality
(VR) and augmented reality (AR).

The well-known companies Sony and Microsoft have
been offering accessories for VR and related 3D games
for several years now.

Gradually, VR and AR will go beyond the gaming in-
dustry and will inevitably spread to education, medicine,
industry — it is difficult to overestimate the potential. Fig-
ures 10-13 show some examples of the use of AR from
the Microsoft Hololens 2 presentation materials. The next
step in this industry will be the combination of AR and
VR with 5G. Technically, this is already feasible thanks
to the new Qualcomm Snapdragon XR2 chipset, which
combines a 5G modem and a specialized XR (from VR +
AR) processor with artificial intelligence support that
responds to the facial expressions of the “pilot”.

It is clear that online games will only be acquired with
5G. With the transfer of computing power to the cloud
(Cloud Gaming), game consoles will become less loaded,
this video will become smoother, more detailed and more
dynamic. Having overcome the technological barrier with
5G, the AR/VR games market will become more in de-
mand. Many will discover virtual travel to other cities,
diving to the bottom of the ocean and even flying into
space. It is a well-known fact that the perception of the
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world by a person strongly depends on what he sees, with
XR + 5G the horizons of the average layman will signifi-
cantly expand, change the approaches of society to the
study of the world and creative activity in all areas.

Tactile internet

In continuation of the topic of XR and artificial intel-
ligence, it must be said separately about the derivative
direction, like the tactile Internet. Tactile Internet (herein-
after referred to as TI) is the transmission of tactile sensa-
tions, touches over any distance with a minimum, almost
imperceptible delay. The name of the technology was
proposed at the Dresden University of Technology, where
back in 2012, work began on the creation of robotic sys-
tems capable of remotely transmitting sensations.

Now scientists are working on creating artificial touch
by inserting sensors into soft robotic structures and the
most sensitive touch sensors. Now sensors are already
able to reproduce the force and nature of the touch, they
distinguish between different materials: metal, wood, tex-
tiles, etc.

TI puts forward requirements that 5G networks will be
able to do:

e delays less than 1 ms;

e  reliability — to perform critical tasks (remote op-
eration), network losses, equipment failure, etc. are unac-
ceptable.;

e  high data transfer rate — more than 10 Gbps;

e high network density — support for connecting
more than 100 devices per 1 km®.

To reproduce sensations, it is assumed that there are
any devices that are in contact with the recipient, for ex-
ample, clothing (t-shirts, jumpers, trousers), accessories
(gloves), shoes, hats, exoskeletons or special devices,
which are tactile displays with tiny actuators, which set
moving elements (needles, pins) in motion.

With the help of TI, you can learn to draw, play musi-
cal instruments, perform remote surgical operations, i.e.,
everything that requires “fine motor skills”. In e-
commerce, you can use this technology to touch or try on
a product before buying it. You can touch museum exhib-
its and even feel the weight of ancient artifacts in your
hand. Multiplayer online shooters with XR + TI will be-
come more realistic, it will be possible to feel pain, push-
es, blows, heat and cold.

The first practical examples of the use of TI in surgery
already exist today. In the USA, tests are being carried out
for the introduction of the so-called. "telesurgery", when a
surgeon performs a surgical operation remotely, via a 5G
network. Telesurgery is very different from classical tel-
emedicine — it's not about a simple video broadcast in
conference mode, but about the "presence" of the surgeon
during the operation. His movements, precision, personal
skills, instant reaction to events - everything will be
transmitted over 5G networks without a physical presence
and without degrading the quality of the operation. Thus,
the services of rare specialists will become more accessi-
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ble, and patients will be able to choose a surgeon regard-
less of their country of residence.

Unmanned aircraft (drones)

Telesurgery places high demands on latency and
communication reliability, but there is another area that
requires, among other things, mass connectivity — un-
manned aerial vehicles or “drones”. Today, you will not
surprise anyone with light unmanned drones for a variety
of purposes — from entertainment to specialized military
drones. With their help, they shoot spectacular videos,
conduct reconnaissance, save people, transport goods, etc.
But almost all of them are controlled directly by a person
who has a direct wireless reliable contact on an unli-
censed frequency.

In the context of the introduction of 5G, in progressive
countries, regulatory authorities have already paid serious
attention to this topic today, in connection with which
work is underway to standardize and ensure security in
this area. For example, in Europe there is a special expert
group 5G PPP (5G Infrastructure Public Private Partner-
ship, www.5g-ppp.eu/Sgdrones) based on the European
Commission and representatives of the information and
communication technology industry (operators, providers,
institutions, small and medium business) from Britain,
France, Switzerland, Austria, Finland, Greece, Poland and
Estonia. The 5G PPP public-private partnership will offer
solutions, architectures, technologies and standards for
drones. Through this state initiative, the European Union
sees one of the ways to strengthen its technological lead-
ership on the world stage.

With standards to regulate the mass circulation of
drones, artificial intelligence systems, a reliable, constant
and fast 5G wireless link for a whole drone hive, new
markets and services can be opened in a variety of areas.
Imagine: drone couriers delivering food from stores or
important medicines to hard-to-reach places; rescue
drones looking for people lost in the forest or the sea day
and night; drones-firefighters, extinguishing fires at an
early stage; agrocopters spraying crops — and all on a
global scale, and not in particular cases.

Infrastructure C-V2X

Let's move from UAVs to unmanned vehicles. Many
have seen the wvideo presentation of Tesla
(www.tesla.com), where an electric vehicle controlled by
artificial intelligence moves around the city with minimal
driver participation. Or another example is the Waymo
service (www.waymo.com), which allows you to call a
taxi using a mobile application and drive it to a selected
point without a driver behind the wheel.

Both services are built on different principles of op-
eration, under the control of powerful artificial intelli-
gence built into the car. Auto makes a situational decision
based on visual information and data from lidar (Waymo).
A “smart” car is surrounded by “not smart”, unpredictable
cars controlled by a person.

SYNCHROINFO JOURNAL

There is an infrastructure approach to autonomous
driving, enshrined in the 14th release of 3GPP — C-V2X.
The abbreviation C-V2X stands for Cellular Vehicle-to-
Everything, which is the concept of transferring infor-
mation from a vehicle to any object that can affect the
vehicle, and vice versa. This approach allows the vehicle
to “communicate” with other cars (V2V), infrastructure
(V2I), LTE network (V2N), power grid (V2G), pedestri-
ans (V2P) and even houses (V2H). The 15th release of
3GPP also introduced the possibility of auto communica-
tion with the 5G network, which made the C-V2X more
attractive thanks to the URLLC service.

Thus, vehicles connected to the C-V2X system will be
able to "see" the whole picture of the road situation,
"know" about the relative position, obstacles, dangerous
areas, and the artificial intelligence located in the network
will not just form a trajectory for them separately, but will
do this taking into account the mutual influence on the
transport system. Such systems will solve the problem of
transportation better and safer than any driver, reduce
travel time for each participant in the movement, make
traffic predictable, safe and energy efficient.

The international consulting company Pricewaterhouse-
Coopers (PwC) predicts that the first driverless cars will ap-
pear on public roads as early as 2021, and by 2040 all
transport in megacities around the world will become un-
manned. However, at first, such vehicles will require atten-
tion from the driver in certain situations along the way. Dur-
ing this period, legal issues related to unmanned and electric
vehicles will also be resolved. In particular, legal and insur-
ance aspects. A certain amount of time will be spent on cre-
ating a network of charging stations for electric cars.

Now, having listed many examples where 5G will
come in handy more than ever, let's figure out what the
state of 5G networks is today and what barriers need to be
overcome on the way to a fantastic future.

State of 5G networks in the world

The process of introducing 5G networks into commer-
cial operation has already begun in 2019, however, so far
the coverage of such networks is very modest (Fig. 6). At
the beginning of 2020, 5G networks were put into opera-
tion by 47 operators in 22 countries of the world, and to-
gether with those who planned to launch or are testing,
there will be 279 operators in 109 countries (Fig. 7).
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Figure 6. Number of 5G-NR base stations
in commercial circulation [3]
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Figure 7. Commercial, planned and pilot 5G networks [6]

As for subscriber equipment, there are already many
models of 5G smartphones, routers and CPEs on sale.

Early adopters are already seeing a significant increase
in 5G transmission speeds. Qualcomm test results (May
2019) show a 3.3x increase in download speed for 5G
devices compared to LTE devices. In the future, this fig-
ure will be higher due to denser coverage and the transi-
tion from the LTE EPC core to the packet 5G network
core.

THE PATH FROM LTE TO 5G

As mentioned, current 4G networks are not up to the
demands of new application scenarios. In the long term,
full-fledged 5G networks, including those to support Net-
work Slicing and URLLC, will require a new NGCN (Next
Generation Converged Network) network infrastructure, as
well as an upgrade of the radio access network. It is clear
that it is impossible to perform such a volume of work at
once.

4G network delays

The 3GPP consortium initially took into account the
complexity of deploying new networks and adopted sce-
narios for moving from the standard configuration of LTE
networks (# 1) to 5G. The introduction of 5G is proposed
to be carried out first over the existing LTE EPC infra-
structure in NSA (Non-Standalone, #3) mode, as cellular
operators did throughout 2019. In such a configuration,
the delays on the radio part will be reduced, but due to the
restrictions of the EPC core LTE, the overall delay will be
far from the requirements of the URLLC. The main mean-
ing of this configuration is different — in the radio part we
will get a significant increase in throughput sufficient for
most existing eMBB applications, as well as connection
stability with a large number of connected subscribers per
base station (Fig. 8).

NSA's initial model (#3) aims to improve the quality
of mobile broadband internet to improve reliability and
data capacity by using EN-DC (E-UTRAN New Radio —
Dual Connectivity) connectivity.
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Figure 8. Scenarios for building a 5G network in the initial
and intermediate periods [6]

User terminals that support EN-DC can simultaneous-
ly connect to LTE and 5G base stations, while the LTE
base station is an anchor (upgrading to ng-eNb, or new
generation eNB is required). The user terminal (UE) ini-
tially registers with the network via E-UTRAN at low
frequencies (<2 GHz) and starts broadcasting the meas-
urements performed on the 5G-NR radio access network
to the network. When the 5G "radio quality" is satisfacto-
ry, the LTE ng-eNb base station initiates a request to the
5G gNB base station to allocate network resources to the
UE.

Upon completion of the procedure, the UE connects
simultaneously to the LTE ng-eNB and 5G gNB base
stations. Of course, the coverage area of a 5G base station
will be much narrower than LTE. a high-frequency milli-
meter-wave signal has a higher attenuation coefficient

(Fig. 9).

Dual connectivity

L

High frequency 5G Low frequencies LTE

Figure 9. UE connectivity to LTE ng-eNB and 5G gNB
in EN-DC mode [6]

Further, through combined LTE + 5G-NR base sta-
tions, 5G coverage can be expanded by using DSS (Dy-
namic Spectrum Sharing, dynamic spectrum sharing)
technology, when the lower frequency band of E-UTRAN
(<2 GHz) is dynamically shared with 5G-NR . Prior to the
introduction by operators of the 5G core, networks will be
able to work like this (Fig. 10).
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Figure 10. Expanding 5G Coverage
with Low Frequency LTE (DSS) [6]

Further from step #3, when cellular operators integrate
the 5G NGCN core, they can move to the target and final
SA mode (options #2 and #5) when using one radio ac-
cess technology — either E-UTRAN or 5G-NR. Below is
the final view of the 5G network capable of providing
URLLC services. (Fig. 11).
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Figure 11. Final view of 5G network [6]

To meet the growing demand for eMBB, medium fre-
quencies (2 GHz-7 GHz) can be used, thus increasing data
rates, including through frequency aggregation. Lower
frequency - more coverage, but less channel width. How-
ever, there is a way to increase coverage while maintain-
ing a high upload speed using an additional uplink chan-
nel (SUL, Supplementary Uplink). How it works? The
figure below shows how a UE's Medium Frequency
Paired (UL/DL) radio resource is assigned a Supple-
mental Low Frequency Unpaired Uplink Channel (SUL).
Then, in one cell, the UE receives 1xDL (mid frequen-
cies) and 2xUL (low and medium frequencies) channels,
the use of which will be controlled by the network. In this
case, at the cell boundary, the DL channel uses a medium-
frequency signal with increased power from the “paired”
band, and the UL channel uses a low-frequency signal in
the unpaired SUL band. As a result, the base station
"sees" the UE at longer distances, and the download speed
is maintained as with the use of medium frequencies
(Fig. 12).
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Figure 12. Expansion of the coverage area of medium
frequencies due to an unpaired channel [6]

5G COVERAGE FORECAST

From the 5G network deployment scenarios and ap-
plied frequency bands, the logic of frequency band alloca-
tion for different scenarios follows, as shown in the table.
Subject to this concept is the Network Slicing technology
defined by the 3GPP specification; it will allow mobile
operators to deploy networks isolated from each other,
each of them can be allocated for specific needs (for the
Internet of things, streaming video, etc.) (Tabl. 3).

Table 3

Application scenarios in different 5G frequency bands

Frequencies | Bandwidth | Scenarios C  acteristic
above 7 GHz| 800 MHz eMBB [Super high speed,
(FR2) small coverage and
only on the streets
2 GHz ... 100 MHz eMBB, High speed, wide street
7 I'Tu (FR1) URLLC, |coverage, satisfactory|
mMTC indoor coverage
<2 GHz 20 MHz eMBB, [Medium speed, ubiq-
(FR1) URLLC, itous street and in-
mMTC |door coverage

Given the feasibility of these scenarios in megacities,
small towns and villages, it is possible to draw up a gen-
eralized network coverage scheme as in Figure 34. As you
know, the world has either already abandoned 3G net-
works or has already announced plans to turn them off.
Therefore, Figure 3G is shown as a dashed line. Accord-
ing to the plans of European operators, instead of slow
3G, fast LTE will come to the villages (scenario #5) while
maintaining 2G for voice traffic. Suburban coverage will
feature faster speeds and lower latency, while metropoli-
tan areas will also boast more connections and ultra-fast
internet in FR2 coverage areas. As you can see, in the
coming years, 5G networks will not replace 4G networks,
but will gradually integrate with 4G networks, significant-
ly improving the overall situation (Fig. 13).
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Figure 13. Generalized scheme of coverage
by 2G, LTE and 5G networks until 2025

Separately, it must be said that such a distribution of
networks will give rise to a sharp growth in the FWA
(Fixed Wireless Access) market. Manufacturers of CPE
(Customer Premises Equipment, wall-mounted or in-
house telecommunications equipment located in the sub-
scriber's premises) will be able to provide high-speed In-
ternet to residents of territories where high-speed and
reliable 5G coverage for some reason "did not reach".

Typically, wired and fiber optic Internet providers come
to such places. But 5G FWA will pose a serious threat to
this business sector. Indeed, with 5G, FWA’s broadband
Internet quality will not be inferior to fiber-optic Internet,
and the cost of connection will be completely out of com-
petition, since fiber/cable installation, installation work and
configuration for each subscriber individually are excluded.
Installing the CPE is as easy as installing a Wi-Fi router
and requires almost no maintenance (Fig. 14).

Middle East & Africa
B Asiapacific

Western Europe
M Latin and Central America

B North America
B Eostern Europe

Figure 14. Number of FWA connections using 5G
Source: SNS Telecom

Perhaps, as a result, the fiber optic/wired Internet
market will be greatly transformed, will find its specific
application, but will never be as massive as it is today. On
the contrary, according to the forecast of experts from
SNS Telecom (www.snstelecom.com), by 2030, 345 mil-
lion subscribers will be connected via the FWA service
via 5G, and over 90 million units of CPE subscriber de-
vices will be sold. In Russia, this service, due to the
length of the territory, can be in great demand even at the
initial stage of deploying 5G networks.
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5G & GNSS

The virtual Primary Reference Time Clock (VPRTC)
timing architecture uses a secure fiber network to provide
bi-directional east and west timing flows to local source
clocks in aggregation sites with 100 ns of accuracy. The
protected PTP southbound timing flow is then sent to the
5G Remote Radio Heads (RRHs). A key benefit of this
architecture is that the GNSS receivers are only required
in the core enhanced Primary Reference Timing Clock
(ePRTC) sites where they can be protected and monitored
to shield the network from the risk of GNSS jamming or
spoofing threats [7].

To support secure 5G network communications, the
vPRTC is a highly secure and resilient network-based
timing architecture that blends our secure GNSS firewall
technology, high-precision atomic system clocks and a
portfolio of trusted time solutions to meet the expanding
needs for 5G deployment [21].

The combination of GNSS visibility and the vPRTC
architecture provides 5G operators with a dual-purpose
solution for the use of Positioning, Navigation and Tim-
ing (PNT) services as delivered by GNSS. It provides
situational awareness about the health of GNSS reception
by monitoring and evaluating key GNSS observables in
real time to determine if there is risk in the use of PNT
delivered by GNSS. Like a network firewall, this solution
creates a dome of protection that strengthens the overall
use of PNT services by GNSS for critical 5G communica-
tion infrastructures [22].

Prior generation wireless networks relied heavily on
the Global Navigation Satellite System (GNSS) to pro-
vide a traceable time reference for all the source clocks in
the Radio Access Network (RAN). Well-engineered
GNSS-based clocks can easily provide +/- 100 ns Primary
Reference Time Clock (PRTC) timing accuracy. Table 4
shows the timing accuracy for common source clocks as
defined by the ITU for use in communications networks.

Table 4

Primary Reference Time Clock (PRTC) types
available for 5G [7]

Clock Type | Accuracy | ITU standard Comment
PRTC — A 100 ns | ITU-T G.8272 [Single band GNSS
PRTC-B 40 ns ITU-T G.8272 [Typically, dual-

band GNSS
Enhance PRTC| 30ns |ITU-T G.8272.1|Combines = GNSS|
(ePRTC) with a local Cesium
[Atomic Clock af]
core sites to provide]
an autonomous

timescale that can|
maintain timing if]
(GNSS is lost
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5G Challenge with GNSS

5G operators face two major challenges with deploy-
ment of GNSS-based source clocks.

First, 5G networks are very dense, often requiring ten
times as many source clocks compared to prior generation
networks. That means ten times as many GNSS antennas to
install and maintain. GNSS antennas are already installed
in core/RAN sites, but not out in 5G aggregations sites.
GNSS antennas are a headache you would rather avoid.

Second, GNSS is vulnerable to cybersecurity attacks
such as jamming and spoofing. Your 5G radios have a min-
imum holdover time and will quickly begin interfering with
other radios in the same spectrum if GNSS is compromised
due to failures or other vulnerabilities such as jamming.

Are GNSS Cybersecurity Threats Real? In a word —
yes. And, government agencies are finally stepping for-
ward to do something about it [7]. If you don’t believe
GNSS threats are real, spend a few minutes searching
them out on the internet. The below table shows some of
the recent government actions to address this
cybersecurity threat (Tabl. 5).

Table 5

Government initiatives to address GNSS cybersecurity

Action

Executive order on strengthening nationall
resilience through responsible use of Posi-
tion Navigation and Timing (PNT) services

February 2020

IUS National Space Policy — Key initiatives] December 2020

to improve Cybersecurity for GNSS systems

Department of Homeland Security (DHS)| December 2020

Resilient PNT Conformance Framework

For example, Microchip’s innovative new timing ar-
chitecture — the virtual Primary Reference Time Clock
(VPRTC) — uses protected core ePRTC timing sites as
redundant area timing hubs for your network. The ePRTC
achieves 30 ns accuracy when locked to GNSS and can
maintain 100 ns accuracy for a minimum of 14 days if
GNSS is lost. This architecture helps to deliver a new
resiliency — which in turn helps network operators provide
uninterrupted services to their clients (Fig. 15).

Virtual Primary
Reference Time Clack

S
) A Gd

Figure 15. Bi-directional protected timing flows deliver
required 5G timing accuracy without the need for GNSS
at 5G aggregation sites [7]
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The above diagram shows how redundant core ePRTC
sites can be deployed for a 5G network. Bidirectional
protected Precision Time Protocol (PTP) timing flows
from the “west” and “east” core ePRTC sites to all 5G
aggregation sites. Operators and optical equipment sup-
pliers have presented technical papers on similar timing
architectures at the International Timing and Synchroniza-
tion Forum (ITSF) conference in November 2021 demon-
strating field results supporting timing accuracy and resil-
iency [2-4].

Microchip’s TimeProvider 4100 clocks at 5G aggrega-
tion sites are configured in High Performance Boundary
Clock (HPBC) mode to receive timing from the core
“east” and “west” sites with an error budget of less than 5
ns. If timing flow from the west is lost, the clock will in-
stantly switch to the protected east flow to maintain re-
quired timing accuracy for the network without the need
for a GNSS receiver at the aggregation sites.

The southbound PTP flow out to the RRHs is protect-
ed by the bi-directional timing flows from the core east
and west ePRTC sites. Your core timing sites can also be
protected with the BlueSky™ GNSS Firewall technology
to monitor GNSS observables, detect potential jamming
or spoofing threats and shield them from impacting core
ePRTC sites.

CONCLUSION

The cost of passing ever-increasing traffic through the
networks of telecom operators as of 2020 is not covered
by income from traditional services. The search for new
services, the so-called "killer application" of traditional
telecom platforms, usually does not give the expected
results. Meanwhile, the main growth in traffic and reve-
nues is not in the human device sector, but in the IoT de-
vice sector, which is one of the basic goals of 5G func-
tionality. Therefore, 5G networks can be considered one
of the necessary components of digital transformation and
the digital economy.

Unmanned vehicles can act as part of the Smart City
service, however, they can be provided on their own plat-
form. It includes not only driverless cars, but also un-
manned tractors for Smart Agriculture, unmanned subway
and commuter trains, drones and other types of public and
special transport. In addition, the implementation of
ADAS (Advanced Driver-Assistance Systems) driver
assistance systems is possible on the 5G platform.

Unlike networks of previous generations, the range of
services of which was severely limited and somewhat
expanded in 4G, the services of the 5G platform are syn-
ergistic and scalable, and are not limited to once set func-
tionality. 5G plays the role of a platform for the develop-
ment mode of new DevOps services and applications,
when new features are created by developers in close co-
ordination with the teams responsible for their implemen-
tation and operation.
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5G will not necessarily change the risk factors we
have. But it will exponentially increase the threat vectors
and opportunities that attackers can take advantage of.

In general, 5G network includes not only mobile, but
also fixed communication services, as well as high-speed
Internet access with low latency and specialized corporate
networks for vertical sectors of the economy.

Due to fifth generation networks, it will also be possible
to improve the quality of use of existing services, where
large amounts of traffic are involved. The 5G network plat-
form provides operators with significant benefits, primarily
expressed in expanding the functionality and characteristics
of the network and improving the User Experience [23, 24].

It is still too early to say that 5G networks have ac-
quired their mature, final form. We need to wait for the
16th release, which, according to the consortium's plan,
will close the second phase of the specifications and de-
termine the beginning of the mass introduction of fifth-
generation core networks. However, this does not prevent
from starting work on the study of new technology today,
which will lay the foundation for future projects. 5G net-
works will become our daily routine and the transition
from NSA to SA mode will be smooth and imperceptible,
and the achievements made today will not be wasted.
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