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SUMMARY

This paper proposes a new open-loop and low complexity (small size) fast-lock synchronization circuit for
clock and data recovery in wearable systems. The system includes sensors embedded in textile and con-
nected by conductive yarns. Synchronization is based on the open-loop selection of the correct phase of
the receiver clock synchronously with the incoming signal. The clock generator of the receiver is an auton-
omous oscillator set to operate at the same nominal frequency. The circuit lock time is at most one clock
cycle, faster than all methods based on phase-locked loops or delay-locked loops. The circuit can be used
for baseband communication independently of the signal coding method used in the physical layer, making
it suitable for many applications. The fully digital circuit (including non-return-to-zero inverted decoder) oc-
cupies 0.0022 in a 0.35 complementary metal-oxide semiconductor (CMOS) process, a smaller implemen-
tation than many existing circuits, and supports a maximum system clock frequency of 70 for a 35-data rate.
Experimental results demonstrate that the proposed circuit robustly generates a synchronous clock for data
recovery. The circuit is suitable for systems that tolerate some jitter but requires fast lock time, small size,
and low energy consumption. Copyright © 2015 John Wiley & Sons, Ltd.
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1. INTRODUCTION

In any digital communication system, synchronization between receiver and transmitter for data
recovery plays a major role. Synchronization refers to the process of making events occur at the
same time in different parts of a distributed system [1-3]. To perform a successful clock and data
recovery (CDR), symbol or bit synchronization is performed in every digital receiver by extracting
timing information from the received signals. A decider circuit at the receiver uses that timing
information to determine when to sample the incoming data. The optimum sampling instant is in the
middle of the bit period. However, sampling precisely at that instant is not guaranteed, because of
channel noise and jitter. Nonetheless, receivers can still correctly detect data by sampling within a
small interval of time around the ideal instant. The sampling period depends entirely on the method
used for clock recovery. Usually, keeping the sampling period in small ranges demands an increase
in bandwidth to include more information for synchronization and/or more complex receiver
architectures.

Depending on the synchronization method, symbol synchronization is classified in two main
groups: (1) feedback or closed-loop and (2) feedforward or open-loop [1,4]. In the closed-loop
approach, the receiver attempts to lock a local oscillator to the incoming clock and generates a
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synchronized clock to recover the data. Usually, a phase-locked loop (PLL) or a delay-locked loop
(DLL) is used to track the incoming clock [5]. The early—late gate synchronizer is one of the must
widely used closed-loop methods [6].

Like all feedback systems, closed-loop synchronizers need some time to lock and produce a stable
signal at the output. Open-loop synchronizers avoid this delay. A popular approach is to generate the
sampling clock by filtering the incoming signals with a band-pass filter and by feeding the resulting
signal to a comparator, thereby creating a square clock signal. For this approach to work, the base-
band modulation has to contain a spectral component at the data rate to enable the extraction of
clock signal by filtering. Another method relies on oversampling the incoming data at a rate that is
at least three times higher than the data rate [7, 8]. The recovered data value is chosen to be the
value (‘1” or ‘0’) that has been sampled more often in each data period. For the decision to be
unambiguous, the number of samples must be odd. Oversampling is able to provide data recovery
without delay.

Clock and data recovery circuits based on closed-loop systems are more complex than open-loop
systems, but they are widely used in many systems because of their good performance with low
signal-to-noise ratio (SNR) systems and signals. Nevertheless, in communication systems with
relatively high SNR and limited resources like sensor networks in wearable systems, an
appropriately designed open-loop system may be preferable. This paper describes a CDR circuit
based on open-loop synchronization for use in wearable systems consisting of several sensors
connected by conductive yarns [9, 10]. In this particular application, each sensor node (SN) has four
bidirectional ports and acts both as a data collector and a router in a mesh network. Sensor nodes
are able to handle simultaneous communication with other nodes. For that purpose, each port is
equipped with an independent CDR circuit. Because there are several instances of the CDR in each
node, the aim of this work is reducing the circuit size as much as possible. Its main contributions
are as follows:

(1) the design of a very small, fully digital, fast-lock clock CDR circuit for use in resource-
constrained SNs;

(2) the implementation of the design in two different technologies: Actel field-programmable gate
arrays (FPGAs, Actel Corporation Mountain View, CA, USA) and a 0.35 CMOS integrated cir-
cuit (IC); and

(3) the experimental evaluation of the proposed design using fabricated IC prototypes.

The rest of the paper is organized as follows: Section 2 provides some background on
synchronization methods and describes related work. Section 3 presents the motivation for the
proposed circuit. Section 4 gives an overview of the adopted method, while section 5 discusses and
analyzes the implementation. Section 6 presents and discusses the experimental results, followed by
the main conclusions in section 7.

2. RELATED WORK

Many CDR methods have been discussed in the literature. Descriptions of the fundamental aspects of
synchronization and of basic CDR techniques can be found in [3], [4], and [11]. As mentioned in the
Introduction section, in many open-loop methods, the data signal carries spectral information about the
clock signal. Filtering methods process the input signal and then use a band-pass filter to remove
unwanted frequency components, followed by a high gain amplifier and a Schmitt trigger to
generate a square clock signal. A simple processing step is to rectify the signal by using a square
law device [12]. Another method multiplies the incoming signal with a 90-phase shift of the carrier
signal, which is generated by filtering of the incoming signal [13]. The third method uses an edge
detector at the input to detect the transitions of the signal and to generate spikes and recover clock
from spikes [13].

Filtering methods are easy to implement and exhibit no-lock time problems. Their main
disadvantages are unavoidable non-zero mean tracking, low performance in the presence of noise,
and the requirement to carry clock spectral information in the signal.
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Oversampling CDR circuits implement another widely used feedforward recovery approach
[7,14, 15]. In this method, each received data-bit is sampled in multiple points within its time
interval. To properly recover the data, at least three (but often five or more for higher accuracy)
samples per bit are necessary. All sampled data are saved in a (FIFO) memory. For sifting the
data from the samples, a bit boundary detector finds the sampled bits at the data edge; then, a
data selector determines the appropriate samples near the middle of incoming signal and recovers
the data. Oversampling methods result in fast and stable CDR circuits, but they need a high
sampling rate and large FIFO memories [7].

In more complex communication systems, feedback methods have been used to overcome the
disadvantages of the filtering and oversampling approaches [3], [16—19]. In these systems, a local
voltage-controlled oscillator (VCO), placed in a closed-loop configuration, generates the desired
clock signal. In many cases, a PLL or DLL is used to generate the clock signal at the receiver, which
is synchronized with the incoming data stream and is used for recovering the data bits [20-27]. Lock
speed depends on the design, with DLLs being usually faster than PLLs. Several DLL-based designs
are compared in [28], with the fastest method requiring at least five clock cycles to lock to the
incoming signal.

Early—late gate synchronizer is another widely used closed-loop CDR circuit [29-31]. This method
performs two integrations of the received signal over two different periods of the symbol interval. The
difference of integrals is used as a feedback signal to control the local oscillator.

Another approach works by injecting data directly in a ring oscillator [32]. A VCO-based ring
oscillator is used to generate four differential phases of the clock, and a selector circuit is used to
select one of the four phases as the recovery clock. This method is more complex than the open-
loop methods, but it achieves instantaneous CDR.

Although various CDR methods are available, specific systems may have requirements that do not
match the characteristics of the available circuits. The next section discusses the motivation for the
design of a CDR circuit for the use in a wearable sensor system that comprised SNs interconnected
by conducting yarns embedded in textile fabrics.

3. MOTIVATION

The work described here was performed in the context of a wearable system designed to measure
human lower limb activity. The system includes a number of SNs connected to each other by
conductive yarns in a mesh topology, as shown in Figure 1.

From the standpoint of the network, each SN is a four-port router with bidirectional links to other
SNs. The SNs are equipped with a local crystal oscillator. When sensors communicate, the receiver
node must be able to synchronize its clock to the incoming data. Because there is no global
synchronization, a local synchronization method is necessary. The following factors were taken into
account in the design of the clock synchronization circuit:

e Size: In the architecture described here, SNs are multitasking network devices that can handle sev-
eral transmitting or receiving connections simultaneously. In the prototype implementation, each
SN has four independent CDR circuits. In these situations, it is important to have small circuits,
because it is impractical to have several PLLs/DLLs and FIFO memories in resource-
constrained SNs: for instance, smaller FPGAs like the IGLOO® nano family [33] have at most
one PLL.

e Energy consumption: SNs are typically energy-limited systems. Traditional open-loop ap-
proaches need higher bandwidth to carry synchronization signals, increasing the energy con-
sumption at the transmitting part. Nevertheless, they usually consume less energy than the
closed-loop ones, because of their simpler structure and absence of modules like VCOs or fre-
quency synthesizers.

* Bandwidth: Although conductive yarns are similar to regular copper wires, they exhibit a much
higher electrical resistance, leading to increasingly significant signal attenuation with increasing
frequency. This drawback leads to the used communication mechanisms or modulations that
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Figure 1. A mesh-based body area network. The base station (BS) gathers the data collected by the sensor
nodes (SNs). All nodes are connected by conductive yarns embedded in textiles.

reduce the necessary bandwidth. However, open-loop approaches based on band-pass filtering re-
quire clock spectral information to be present in the signal, thereby increasing bandwidth usage,
because clock frequency is usually two times the data rate of baseband communication.

e Internal node synchronization: Even if precise clock recovery is achieved, synchronization be-
tween the core of the system and the recovered clock signal should be taken into account. Each
sensor is a multitasking device that must be able to communicate with all its neighbors simulta-
neously. The core of the system must be able to process data from different sensors simulta-
neously (using different recovered clocks), and therefore some kind of internal synchronization
is required. FIFO memories or elastic buffers that can be used to do internal synchronization,
but they increase circuit size.

The open-loop synchronization method introduced in this work is a trade-off between the
aforementioned factors. Like open-loop approaches, it has a less stable sampling point than provided
by closed-loop methods, but it is able to recover data with high accuracy and very low BER.
Because of the small number of elements needed to implement the circuit, size and energy
consumption are much smaller than of any oversampling or closed-loop circuit. Closed-loop circuits
need some preamble signals to lock on the incoming signal and to generate a stable clock, but the
circuit presented here only needs one transition in the incoming signal to start the clock
synchronization. In contrast to some open-loop circuits, the proposed circuit does not use a filter,
and there is no need for the incoming signal to include clock spectral information. Therefore, the
new circuit architecture utilizes less bandwidth than open-loop systems based on band-pass filtering.
Finally, the proposed circuit uses the system clock as reference, so the receiver circuitry is always
synchronized with the core of SN without using elastic buffers or FIFO memories.

4. SYNCHRONIZATION METHOD

This section describes the proposed clock synchronization method for CDR without using feedback
loops or embedded spectral information. We also determine the conditions for correct operation: the
data rate must not exceed half the clock frequency.

4.1. Autonomous clock oscillators and synchronization

Crystal quartz resonators have very low variability, slight temperature dependency and present very

high quality factors; they are the preferred devices for generation of stable waveforms [34].

Therefore, we assume that SNs have an autonomous clock generator that provides a signal with the

same nominal frequency and drives the whole system including transmitter and receiver modules.
The output of an ideal oscillator is given by eq. (1)

C(t) =A> p(t—kT) (D

keZ
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Here, A denotes the signal amplitude, 7 is the clock period, and p(f) is the unit square pulse with 7=2
width. In addition to inter-device variations, a real clock waveform also suffers from noise, temperature
and power supply variations, and other ambient effects. Equation (2) shows the real local clock
waveform at SN 7,

Calt) =A> pl(t — kT, — 1,(1)), 2)
keZ
which includes phase noise z(f) (with zero mean value) and clock period 7. The term z(f) causes the
signal to shift randomly over time and generates jitter. The frequency of each oscillator (f,,=1/T),) is a
random variable that is uniformly distributed around the nominal frequency with accuracy of a few
parts per million.

Consider the case where a SN is communicating with its neighbor in base band (e.g., SN1 and SN2
in Figure 1). In general, recovery of clock timing depends on the line encoding. For example, in
Manchester coding, there is at least one transaction for each transmitted bit [4]. In other words,
spectral information of clock signal is transferred to the receiver, which can easily recover the
timing information. The drawback of such an encoding method is the need for higher bandwidth. As
discussed in section 3, the present work does not use this approach.

In contrast, encoding methods like non-return-to-zero (NRZ) or NRZI need half of the bandwidth
for the same amount of data, but the receiver has to use a more complex method to extract timing
information from the incoming signal [4]. Figure 2 shows a NRZI-encoded signal S(f) produced by
encoding the signal my(f) using clock Cy(#) with period Ty (subscript s denotes to the sender node).
The dashed line indicates the optimum sampling time at the receiver, which is in the middle of the
data interval. For sampling to occur at that time, the phase difference between receiver and
transmitter clocks must be zero, but noise and jitter may cause the receiver not to take a sample at
the optimum instant. However, as long as sampling occurs around the optimum point (the gray
region in Figure 2), it is possible to recover data successfully. The boundaries of the sampling range
depend on the signal jitter.

The autonomous system oscillator at the receiver has a fixed frequency, which is m times the data rate,
and generates a recovered synchronized clock signal from the system clock by tracking the transitions of the
incoming signal. The recovered clock is a set of pulses with frequency equal to the data rate (m times slower
than the system clock); the CDR’s task is to shift the pulses so that the active edges are always in the
sampling range for correct data recovery. The general idea is to detect if an edge of the incoming signal
occurs close to an active edge of the local clock signal. If the incoming edge occurs just before an active
clock edge, the next clock edge is delayed by half the data period; if the incoming edge occurs just after
the active edge, the following one is advanced by the same amount of time.

Considering the clock signal given by eq. (2), the transmitter’s clock phase ¢ (f) is given by

(1)

T, '

(1) =2x 3)

where £(f) is
ts(t) =t — kT — 1,(t). )

The receiver’s clock phase ¢,(¢) is given by a similar equation. Using the index s for quantities
associated with the transmitter and index r for those associated with the receiver, the phase
difference between sender and receiver is given by

Figure 2. Non-return-to-zero inverted (NRZI) signal S(r) generated from m(%).
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Ag(t) = py(1) — 9,(1) = 2n (ﬂ - @) )

Iy T,

Assuming that the mean values of the phase noise 7,(¢) and 7,(f) are zero and that their values in any
given cycle k are negligible, then eq. (5) can be rewritten as

Ao() zzm(% - TL) —2a1(f, —f,) = 2 t Af. ©)

Equation (6) shows that the Ap(f) changes linearly over time with a constant slope 2zAf.
As a preliminary step, we evaluate the effects of Ag(f) on synchronization when the receiver clock
generator frequency is equal to data rate. Assume that the receiver takes samples of data at the negative
edge of the clock, and that at =0, the receiver clock is in synchronization for sampling at the optimum
point (Ap=0). Over time, Ap(f) changes until it is out of the sampling range at #; Therefore,
_ Qg
- 27Af]

Ap(t1) = Ap,,=t (7
where 4, is the maximum phase difference between C,(#) and C() so that data is correctly detected
(negative edge of receiver clock is in the gray area of Figure 2). For # > 1, the clock receiver is out of
synchronization and needs to shift the negative edge to be in the sampling interval again. As mentioned
in section 3, synchronization between peripheral modules and system core must also be maintained
without using FIFO memories. Any partial shifting of the clock (as performed in DLLs) will make it
difficult to keep the synchronization with the system core and will require FIFO memories and a
more complex circuit. To keep the circuit simple, shifting of the clock signal must be performed by
a full clock period to the right or to the left. However, shifting the clock signal by one cycle keeps
the relative sampling time unchanged. Therefore, under these constraints, the receiver cannot detect
data correctly if its frequency is the same as the data rate.

4.2. Synchronization using a faster system clock

One way to overcome that problem is to increase the system clock frequency and to generate the
receiver clock by division. This situation is shown in Figure 3.

Signal Cy(?) is the system clock and has twice the frequency of C,(f), which matches the data rate.
The C,(f) signal is generated locally in the receiver by division of C,(f) at the raising edge and
synchronized with the incoming signal. The arrows on the falling edges of C,(f) indicate the
sampling times, and the gray interval marks one specific sampling range.

As in the previous case, whenever the falling edge of C,(¢) would fall outside the sampling range, the
CDR circuit has to detect the situation and shift the edge to the correct sampling range (cf. section 5). In
this case, the shifting of C,(¢) will be by one C,(?) clock period oriT,. For example, if the frequency of
C,(1) is a little lower than the data rate, then C,(f) will be moved to the right in relation to the incoming
data. When the skew of the optimum sampling point reaches 7', the receiver shifts C,(¢) from point ¢,
in Figure 3 to point #, on the left. Therefore, the phase difference between transmitter and receiver clock
will be kept in the range

—TT T

5 < Ap(t) < 5 (®)
4.2.1. Impact of jitter. After shifting, C,(f) still has to be in the sampling range. Therefore, the
sampling range must be larger than the 17, resulting in the condition

T,

R>=, (€))
where R is the acceptable sampling range to detect data correctly, which should be at least 50% of the
data period. This range may not be acceptable for some other communication systems, especially for
those with small SNR or high BER. In systems with low BER like the wearable system mentioned
before, the range is acceptable. The mechanism for detecting when to shift C,() so as to avoid loss
of synchronization is described in section 5.
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Figure 3. Receiver clocks and incoming signal.

In the absence of jitter, sampling can be performed at any instant inside the data period, and R is
upper bounded by 7,. However, the random fluctuations of the incoming signal due to jitter may
affect the generated clock C,(f) and may cause the sampling point to be limited as shown in
Figure 4. Combining the upper bound condition and the impact of jitter, the sampling range of
eq. (9) must satisfy

T,—2J| >R > % (10)

where J denotes the total jitter of the incoming signal (including both random and deterministic jitter
(DJ)). In this case, eq. (8) becomes

T

o s <o) <Z+9y, (11)

where ¢, is maximum phase noise caused by jitter. For data to be correctly detected, any jitter must
occur outside the sampling range.

Because any shifting of the incoming signal by jitter should not alter the sampling range, jitter
should be less than {(7, — R). However, jitter also shifts C,(7). To take account of the effect of jitter
on C.(1), the overall effect of jitter on the sampling range must be multiplied by two. Therefore,
correct operation implies that the jitter must satisfy

1/1
b <5 <§ (T, — R)). (12)

Combining eqns (9) and (12) gives
| < éT - (13)
4.2.2. System clock frequency. In general, if the clock frequency of the oscillator at the receiver is m
times higher than the data rate, then a shift by one clock cycle will correspond to 17',. In this case, the
phase difference between transmitter and receiver clock is given by

—7TT T
—— 0, < Ap(t) < — . 14
ol (1) el (14)

Again, the sampling range must obey the condition

T, —2|J| >R>%. (15)
7 R
----- S Y i
r(?) ‘ e
T,

Figure 4. Boundaries of sampling range in the presence of jitter.
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As explained for m=2 and from eqns (12) and (15), the jitter must be bound according to
| < (’"_‘1) T,. (16)
4m
Figure 5 shows the clock skew between sender and receiver for m=2 and m=3 for the situation
when the sender’s clock frequency is a little less than the receiver’s (Af< 0). The dotted lines show
the jitter effect on C,(f). When m=2, the clock skew slowly increases until Ap reaches x/2. Then,

the synchronizer shifts the receiver clock to the right, so as to have a phase difference of — /2 to the
incoming signal. For m =3, the range is smaller.

4.2.3. Average of Ap(t). For each period of Ag(?), the average value of Ap can be calculated as the
middle point of each line as

m m

By =3(% =) =o. (17)
For any arbitrary period starting from ¢1, we have
~ pl4+2L

E[Npl =) " " Agip(boy), (18)

where p(Ag;) is the probability of Agp;. Considering that after each clock period, the value of Ag
changes by 2z AtAf (eq. (5) with Ar=T;—T,), and the conditions from eq. (8), we have

p(A ) = Az‘j' — m At Af. (19)
Regardless of the receiver and transmitter oscillator frequencies, AfAf is constant, so that f{Ag;) is

the same for all points and
Y

E[A7y] = p(A(ﬂ)Zf:f " Ap; = 0. (20)

Equation (19) shows that the receiver always tries to keep the clock edge around the ideal sampling
point. With jitter, the E [ANgo] value will be the same, because jitter is due to random processes with zero
mean value.

Increasing the receiver system clock frequency decreases the sampling range and increases the
accuracy of sampling. However, this also increases energy consumption. For the wearable system
where the proposed circuit is used, 50% sampling range is acceptable, so the minimum value of m=2
is used for the prototype circuit presented in the next section.

4.2.4. Number of input signal transitions. The CDR mechanism is based on tracking the transitions of
the received signal. A long string of 1s, or Os (with a NRZ line code), or just a long string of Os (with a
NRZI line code) may cause loss of synchronization. To evaluate how long the CDR can be allowed to
stay free running for m =2, it is necessary to consider the worst case situation after the last transition of
the incoming signal: the recovered clock is exactly at the edge of the sampling range (¢, in Figure 4) and
will leave that range in the next period. The data are still correctly acquired if the sampling point is inside
the safe zone shown in Figure 4. This means that the sampling point may shift right by up to

T, R 1
=TI _—_ —T. 21
=55 W <ge e
A
¢ Af <0
2 i—l‘; B m=2
; m=3
; 1 T
r L L :

o

Figure 5. Ap(t) for m=2 and m=3 with Af<0.

Copyright © 2015 John Wiley & Sons, Ltd. Int. J. Circ. Theor. Appl. 2016; 44:530-548
DOI: 10.1002/cta



538 F. DEROGARIAN, J. C. FERREIRA AND V. G. TAVARES

Over N successive clock cycles, the accumulated shift Nlz, — 7,/ must stay below #:
1 T
Nlt, — 1| <ty < 2N < 0——. 22
e — ol <t 8" 8|z, — 74 @2)
The frequency of oscillators is distributed around the nominal frequency and can be in the range of
few parts per million for a crystal quartz oscillator. To obtain the minimum value of N, consider the
worst case: f,=f(1+p.) and f,=f(1 — p.), where p. denotes to the frequency tolerance range. For the
CDR circuit to work correctly, N must be

e
=
A

N < (23)

=
1 _1
fr s
A typical tolerance value for a quartz oscillator is +30ppm, which leads to N <2083. A well-
stabilized resistor—capacitor (RC) oscillator may have a tolerance range of + 1000 ppm, leading to
N < 6.25. If the conditions on N are not satisfied by a specific implementation, a line code such as
8b/9b [4] must be used to overcome the effect of long strings of identical symbols. The prototype IC
used to obtain the experimental results can be configured to use any of the line codes 8b/9b,
16b/17b, and 64b/65b.

8

5. THE SYNCHRONIZATION CIRCUIT

This section presents the implementation of a digital circuit that operates on the principles described in
the last section. The goal is to have a small size and fully digital circuit that can be completely
implemented in an FPGA or digital application-specific integrated circuit (ASIC). In order to keep the
frequency of the local clock generator as low as possible, a solution corresponding to m =2 is presented.

To generate a synchronized clock, the circuit has to meet the conditions of eqns (8) and (9). Figure 6
shows the block diagram of the circuit. At the receiver, a stable crystal quartz oscillator generates the
system clock C,(f), whose frequency is twice the data rate and nominally equal to the clock frequency
of the transmitter.

An edge detector determines both falling and raising edges of the incoming data signal r(r) and
generates the e(f) signal shown in Figure 7. Signal e(#) goes high on any transition of r(f) and goes
low at the negative edge of C,(¢). The width of the e(#) pulses can vary from O to 17T, depending on
the phase difference between r(f) and C,(¥).

t At
r([ x— decoder ﬂb
GO ,
0 Fie
Wl
@— control
Figure 6. Block diagram of the circuit.
1 H H H H
r(?) ER 3 I S o
oo F LTI L Lf L]
e(t) L

Figure 7. Edge detection signal e(f) generated from r(f) and C,(f) signals.
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Two clock signals C,(f) and C,(f) are generated from C,(¢) by division at the rising and falling
edges, respectively. These have the same clock period 7, (equal to the unit interval of the system),
but a phase difference of 90. They are generated by D-type flip-flops triggered respectively by the
rising and falling edges of C,(¢). The generation of both signals is also controlled by e(#) in order to
be synchronized with the incoming r(¢): the e(f) pulses are used to asynchronously reset the flip-flop
that generates C,(f) and presets the flip-flop that generates C,(f). Because the negative edges of e(7)
are synchronized with the negative edges of C,(f), both C,(t) and C,(¢) will always be synchronized
with e(#) as well. This is indicated by the arrows in Figure 8.

Signals C,(f) and C,(f) are combined by a negative-and (NAND) gate to produce C;(f), which is also
synchronized with e(#). Given the width of e(#) and the time order of e(f) and C,(#) in synchronization
mode, e(f) always goes high when C(#) is high. However, this is not guaranteed at the start of the
communication. A rising edge of e(f) when C(f) is low would cause C;(f) to have a low pulse
whose width may be too small for correct operation of the system. The pulse width control module
in Figure 6 ensures that a low value of C,(¢) is never influenced by e(?), and the duty cycle of the
synchronized clock signal never exceeds 75%.

Figure 8 shows that the time difference between the falling edges of e(¢) and C,(?) is always 17.. On
the other hand, the width of the high pulses of e(z) is a variable between O and iT',. Therefore, the time
difference between r(f) and C;(f) obeys to the condition
T,
2 )
where r(7) { is any instant at which r(f) makes a transition and C,(7) | is the time for the next falling
edge of Cy(f). Assuming that communication starts at =0, then r(¢) { =kT,, where k is an integer.
Considering that Ty=T,, that is, that the oscillator frequencies at sender and receiver are nominally
equal. With these conditions, eq. (24) will be

r(6)] +% <Ci(t) <r(t)] + % + (24)

KT, + 10 < Ci(1)L < KT, + gT,. (25)

Signal C,(?) is periodic, and its falling edges occur in the range defined by eq. (25), from which it
follows that the phase difference between C,(¢) and r(f) obeys to the condition
7” < Ap(1) < g (26)
which is the same as the one given by eq. (8). Therefore, the circuit satisfies the synchronization
conditions, and C,() (and C,(¢)) is a synchronized receiver clock.

Because of the internal delays of the synchronization circuit, changes in r(¢) or C,(¢) do not affect
C,.(t) immediately, that is, the delays shift the sampling range of the receiver. This effect is small,
but in high speed systems (in which the delay may be comparable to the data rate period) it should
be compensated by delaying r(¢). This is the purpose of module delay in Figure 6. It should be
noted that the propagation delay is independent from the data rate or clock frequency. Therefore, the

Figure 8. Signals C,(t), C,(f), and C;(¢) depend on the phase difference between incoming signal r(f) and
local clock Cy(f).
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delay introduced by delay is fixed and only depends on the details of the specific physical implementation.
The impact of this delay and the effect of jitter are evaluated experimentally in the next section.

The phase difference between r(f) and Cy(¢) is non-deterministic, so three different situations may
arise, as analyzed next.

No sampling point adjustment. Figure 8 shows the signals for the case when C,(?) is in the correct
range before a transition occurs in the incoming signal: the edges of r(f) are more than 17, apart
from the sampling edges, so there is no need to shift the pulses of C,(¢). Signal e(f) influences the
shape of C,(#) and C,(¢) as shown with dashed lines, but the resulting C,(¢) signal is not affected.

Faster clock at sender. Figure 9 shows the case when C,(¢) is adjusted because an edge of r(f) occurs
closely after the sampling edge of C,(7) (indicated by dashed lines). This case occurs when the receiver
clock frequency is less than the transmitter’s (75 <7,). The pulses of C,(f) are shifted to the left
(anticipated in time) by 17, so that the next sampling edge is in the synchronization range.

Shifting C,(¢) to the left is only possible if the duty cycle is bigger than 50. Otherwise, shifting
would cause the pulses to overlap, and the receiver would lose one data bit. By using a sampling
clock with 75 duty cycles, overlapping never occurs.

Slower clock at sender. The third case is depicted in Figure 10. This case, the receiver clock
frequency is higher than the transmitter’s (75> T,), so the circuit shifts the negative pulses of C,(¢)
by 1T, to the right, delaying the next pulse.

When communication starts, there is no input signal for a while, so there is no synchronization
between transmitter and receiver. Therefore, data must be preceded by a preamble (start bits) to
synchronize the receiver. For this architecture, just one transition in the input is enough to
synchronize the clock C,(7). Such a fast settling time is possible because an open-loop architecture is
used.

o] I
o [T L L L]
() ﬂ ﬂ ﬂ

Cul0 L L

ao [ L L L ]
oo vl I+ i

Figure 9. Shifting the negative pulses of C,(¢) to the left (clock at sender is faster than clock at the receiver).

Figure 10. Shifting the negative pulses C,(¢) to the right (clock at sender is slower than clock at the receiver).
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The fact that C,(f) is synchronized with both the incoming signal and the system clock provides the
ability for simultaneous communication with several SN, a basic need for multitasking operation. For
instance, each SN of the prototype IC (section 6) has four independent CDR circuits. Each recovered
clock is in synchronization with the received signal (to be in the correct sampling range), and its edges
are also inherently in synchronization with the system clock of the receiver. This enables each SN to
handle communication with several independent SN without buffering.

The gate-level circuit of Figure 11 implements the block diagram of Figure 6. Flip-flop FF1 and gate
exclusive-or (XOR)1 implement the edge detector and create e(f). The clock dividers that produce C,(7)
and C,(f) are implemented by FF2 (with inverter (INV)1) and by FF3, respectively. An reset/set (RS)
flip-flop (active low) is used for pulse width control with C,(¢) and C,(f) connected to the set and reset
inputs of the flip-flop, respectively. The output of the flip-flop (C,(f) signal) will be low when C(¢) is
low and C»(¢) is high. Regardless of the value of C;(#), C,(f) will remain low until C,(f) changes to low.
The gray area is a NRZI decoder and is not a part of the synchronization circuit. For NRZ line
encoding, the output of FF5 is used directly, and gates XOR2 and FF6 are not necessary.

The synchronization circuit consists of eight logic gates in total, so it is small enough to have four
instances included in the communication ASIC for the aforementioned wearable system. The circuit
occupies 0.0022 in a 0.35 CMOS process, which is much less than the area of the circuits listed in
[25]; the smallest of which occupies 0.1326 in a 0.18 technology.

6. EXPERIMENTAL RESULTS

This section describes the experimental results obtained with the circuit shown in Figure 11, which
corresponds the block diagram of Figure 6. The circuit was implemented both on a low power IGLOO
FPGA [33] and as part of a communications IC fabricated in 0.35 CMOS technology for use in a
wearable sensor system. The results reported here were obtained with the IC version as is shown in
Figure 12 together with the sensor printed circuit board (PCB). For the measurements, two sensors,
SN1 and SN2, were connected to each other and set to communicate normally over a one-wire
bidirectional link. The clock frequency of both SNs is 16.383. All results shown in Figures 13—18 were
obtained with a digital oscilloscope. In all cases discussed next, SN1 is the sender and SN2 is the receiver.

In our prototype, each SN has a microcontroller with a crystal quartz oscillator. The clock pin of the
IC is connected to the clock output of the microcontroller (without using any additional clock
generator). Many microcontrollers also have their own accurate internal RC oscillator. The accuracy
of these RC oscillators is less than the accuracy of crystal oscillators, but the prototype IC is able to

[
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Figure 11. Combined circuit for synchronization and non-return-to-zero inverted (NRZI) decoding. NRZ,
non-return-to-zero; FF, flip-flop.
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Figure 12. Sensor board with an integrated circuit (IC) including the clock and data recovery (CDR) circuit

shown in fig:circuit].
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Figure 13. Signals captured using five persistence: L;, is the incoming signal on the wire and C(?) is the
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Figure 18. Eye diagram and synchronized clock signal C,(f) when using four parallel conductive yarns.

work with both of them. In this case, no quartz crystal oscillator would be needed, as long as the total
jitter stays below the threshold given by eq. (12). The stability of the oscillator also affects the choice of
line coding.

6.1. Normal operation

The oscillators of the SN are running free and generate clock signals with a frequency that is randomly
distributed around the nominal value. The difference between sender and receiver clocks causes the phase
between the clocks to change over the time as shown in Figure 13. This figure was captured using five-
time persistence; the last sample is indicated by a darker line. Figure 13 confirms that the synchronization
circuit is keeping the negative edge of C,(¢) in the sampling range, which is 61 for this setup.

This figure also shows that the delay between the incoming signal and C,(¢) is about 7.5. Signal r(z)
is captured at the input of the IC and C,(7) at the output (both in SN2). Therefore, the measured delay d
includes the latency inside the IC, which is mainly due to the input and output pads:

d= dipad + dcircm't + dopad7 (27)

where d;,, is the delay of the input pad to the core, d,,q is the delay from the core to the output pad,
and d_;,.,; 1S the delay due to signal propagation in the synchronization circuit. Datasheet information
for the pad cells indicates that dp.q+dopaq = 3, $0 that dejye,,; = 2.5.

The delay d_;,..i;; causes a time skew of sampling point, because it decreases the safe zone where jitter
can occur without problems and increase the BER. However, in comparison with the data rate period
(61), d_ireuir 1s small and its effect on synchronization is typically negligible. If necessary, the effect
of d_;,cuir 1S deterministic and can be compensated by delaying r(¢) (using module delay of Figure 6).

The following experimental results show the operation of the synchronization circuit according to
the phase difference between the r(¢) and C,(¢) signals, as discussed in section 5.

No sampling point adjustment. Normal operation of the circuit is depicted in Figure 14, which
shows signals r(f), C,(f), and m,(f) during data transmission over a copper wire with a data rate of
8.1 Mbps. Signal C,(¢) is the synchronized clock signal in SN2, and m,(¢) is the received message
after NRZI decoding. In this case, C,(f) is a periodic signal, because it is always in the correct
sampling range. Samples of r(¢) are taken at the negative edges of C,(f), and the decoded signal
appears at the output almost immediately. Other parts of the receiver would typically use m,(f) at the
positive edge of C,(¢) for further processing.

Slower clock at sender. Figure 15 illustrates circuit operation when the clock frequency of SN2 is
higher than the frequency of SN1. The circuit modifies C,(f) to be in the correct sampling range by
shifting the signal one {7, to the right. The gray pulse of signal C,(f) in Figure 15 was inserted to
highlight the place where a pulse would occur if no correction had been performed. As can be seen
in the figure, the time difference between edge of r(f) and the falling edge of C,(f) would be less
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than!T,. So, the circuit shifts C,(¢) to the right to be in correct sampling range. Afterwards, C,(f) repeats
periodically until another correction is necessary.

Faster clock at sender. Figure 16 corresponds to the situation in which the clock frequency of SN2
is less than the frequency of SN1. As shown in the figure, the circuit shifts C,(f) one 1T, to the left to be
in the correct sampling range, whenever the time difference between the falling edge of C,(f) and the
next edge of r(¢) is less than iT',.

6.2. From sleep mode to active mode

This synchronization circuit is a part of a system that includes a mechanism to monitor communication
activity and put the system in sleep mode when possible, so as to reduce energy consumption. In this
situation, C,(f) remains high, as shown in Figure 17. When a signal appears at the input, the system clock
control module enables the clock and puts the system in active mode. The synchronization circuit
correctly starts generating C,(f) as shown in Figure 17: C,(7) falls at the correct time to sample the second
incoming bit. The first bit is defined to be a start bit that is used to determine the start of communication;
the following data bits are correctly received even immediately after waking up the system. Both in
active or sleep mode, one preamble bit is enough for synchronization circuit to work properly.

6.3. Bit error rate

The BER was measured for three different types of interconnection: (1) copper wire; (2) single
conductive yarn in relaxed mode; and (3) four parallel conductive yarns. All connections are one
long. A good equivalent circuit for a conductive yarn is composed by a resistor and an inductor in
series [10], whose values change as the yarn is stretched. For the conductive yarns used in the
measurements, the parameters in relaxed mode are R=1.56 and L=38.

Figure 18 shows the eye diagram of the signals obtained when using four parallel conductive yarns
for connecting the nodes, which is the normal situation in the target wearable system, because a single
yarn is often too fragile to withstand the wear. The diagram was generated by sending randomly
varying data (2%* — 1) and using the oscilloscope’s infinite persistence feature. The diagram shows
that the receiver clock is always in the right range of sampling.

Figure 19 shows the measured BER as a function of the unit interval. The BER was calculated by
using the dual-Dirac method that determines BER as a function of random jitter (RJ) due to noise
from different sources (with a zero-mean Gaussian distribution) and DJ due to signal losses, duty-
cycle distortion, crosstalk, and other causes [35]. Table I lists the measured peak-to-peak value of RJ
and DJss. As Figure 19 shows the copper wire has lower BER than conductive yarns, the probability
of error increases with increasing the resistance and inductance of the yarn, because of the increasing
signal attenuation. This figure also shows that if the clock synchronization circuit keeps the receiver
clock in the sampling range, then the data will be detected correctly with high probability.

Random jitter is mainly due to additive white noise superposed on the received signal. In systems
with low SNR such as wireless communication, the random part may be significant and may
increase the total jitter noticeably. Therefore, in those systems, the total jitter may be larger than the
limit imposed by eq. (12). The relation between BER and SNR depends on the communication
method. In the absence of DJ, the conventional analysis of baseband binary signals shows that BER
due to AWGN with variance 2 at the input is given by

S A+ A7
BER = — §=-"0_-1 N =g’ 28
Q( 2N> ) 2 ) o ) ( )
where O denotes the error probability density function, Ay and A, the signal levels, S the signal power,
and N the noise power [1]. However, DJ can be more significant than RJ even if the SNR is high. The
total BER is the result of both SNR (appears as RJ) and DJ. Regardless of the communication method,
the BER can be calculated by measuring the jitter values and using the Dual-Dirac method [35].

6.4. Comparison with other synchronization circuits
Many CDR circuits have been introduced in the last years. Table II summarily compares the

present implementation to some other recent circuits. The maximum measured data rate for this
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Figure 19. Measured BER and safe sampling range for three different interconnections.

Table I. The values of jitters.

Conductor Random jitter (RJ) (ns) DJss (ns)
Copper wire 1 1.5
Four parallel conductive yarns 1.6 2.5
Single conductive yarn 2 3

Table II. Comparison with other works.

Clock and

data

recovery

(CDR) Supply  Core
circuit Open-loop Process Frequency  Clock jitter  Settling time Power voltage area
- = (um)  (Mbps)  (pk-pk) (ps) (bits/time (us)) (@MW) (V)  (mm?)
This work y 0.35 35 7.14x10° 1/28.56x 10 ° 0.051 33 0.0022
[32] y 0.065 100 242 N/A 0.36 1.2 0.07
[8] y 0.18 180-720 N/A 1/<5.56x 107 8.2 1.8  0.185
[25] n 0.18 100 199.66 400/4 6.649 1.8  0.16
[26] n 0.18 5120-6400 2.12 N/A 136 1.8 08
[16] n 0.18 662-3125 62.2 >331000/>500 60 1.8 0.1326
[27] n 0.18 2500 88 4862/3.89 N/A 1.8 0.133
[17] n 0.18 155.52-3125 467 >15552/100 95 1.8 0.88
[18] n 0.35 200-2000 120 >60000/>30 170 33 0.4

N/A, not available.

work is 35 (T, =

1 . The settling time is one data period. The total jitter must be
35x10°Hz=28.57 ns) & p J

less than 1T',. Therefore, the peak-to-peak jitter must be less than 27, = 7.14 ns.

Considering that the aim of the proposed CDR circuit is to minimize power consumption and area, a
quick look at the table leads to the conclusion that this was readily achieved. Even though a 0.35
CMOS technology, with 3.3 power supply, is used, the present work attains the smallest area and
power consumption of all the works listed in the table. It is noticeable that the low value of power
consumption is the consequence of a small-size circuit (fewer active components), but also due to a
lower clock frequency operation, a factor that in general sets the average consumption during logic
switching, which is the biggest slice of consumed energy. However, if a simple relative frequency
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scaling is applied to the power consumption in order to predict how much power the circuit would
consume at a higher clock rate, the estimated power is still substantially smaller than any of the
other circuit counterparts. Although this is a weak estimate to be utilized for a direct comparison, it
does suggest that in fact the proposed CDR architecture is very power efficient. In addition, the
settling time just takes a single period of the data rate, which is also faster than any of the other
closed-loop circuits in the table.

These characteristics are obtained at the cost of clock jitter, which is the highest present in the table.
This is mainly due to the technique used for synchronization, which always adjusts the sample clock by
+im of the data rate. Increasing m would increase the accuracy of sampling and the acceptable jitter
range as well, but, for the same data rate, would require increasing the system clock frequency,
which would also increase the power consumption. Nevertheless, as expected from analysis of the
circuit and the results presented in this section, as long as signal jitter is less than 25% of the data
rate as happens with our target application, the circuit with m=2 is able to correctly recover the data.

7. CONCLUSION

A very small, fully digital open-loop CDR method for use in wearable systems has been described. The
receiver clock comes from a local, autonomous oscillator that is running at a frequency of twice the
data rate and synchronization is based on open-loop selection of the correct phase of the clock in
receiver synchronously with incoming signal.

The achieved performance represents a trade-off between closed-loop and open-loop methods. The
relatively higher jitter of the recovered clock is compensated by several favorable characteristics. The
circuit size is much smaller than previously reported implementations, because it only consists of eight
logic elements and occupies 0.0022 mm? in a 0.35-um CMOS process. The circuit requires only one
transition in the input for the alignment of the receiver clock in the correct sampling range.
Therefore, it is faster than any closed-loop method. By increasing the system clock frequency, the
synchronization performance of the circuit would improve, but the power consumption would also
increase. The proposed circuit works with the minimum system clock frequency of twice of data
rate. The experimental results obtained with a prototype ASIC show that the circuit can be
successfully used in a wearable sensor system, as in this case, the peak-to-peak value of the jitter
does not affect the sampling range and the circuit recovers the data with high BER.
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