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Abstract—This paper presents a mixed-signal application-spe-
cific integrated circuit (ASIC) for a frequency-modulated differ-
ential chaos shift keying (FM-DCSK) communication system. The
chip is conceived to serve as an experimental platform for the
evaluation of the FM-DCSK modulation scheme, and includes
several programming features toward this goal. The operation
of the ASIC is herein illustrated for a data rate of 500 kb/s and
a transmission bandwidth in the range of 17 MHz. Using signals
acquired from the test platform, bit error rate (BER) estimations
of the overall FM-DCSK communication link have been obtained
assuming wireless transmission at the 2.4-GHz ISM band. Under
all tested propagation conditions, including multipath effects, the
system obtains a BER = 10~2 for E, /N, lower than 28 dB.

Index Terms—Application-specific integrated circuits (ASICs),
mixed analog—digital integrated circuits, spread-spectrum commu-
nication.

1. INTRODUCTION

HAOTIC signals exhibit broadband continuous spectra

and are hence adequate to be used as communication
carriers in spread-spectrum applications. On the one hand,
using these signals enables spreading to be accomplished
concurrently with modulation, with no extra processing step
needed [1], [2]. On the other hand, since the signals, generated
either by different chaos generator instances or by a single
generator instance with different initial conditions, are almost
uncorrelated (orthogonal), chaos-based communications enable
multiple access capability [2]-[5]. Finally, the nonperiodicity
and long-term unpredictability of chaotic signals confer these
communication systems a certain level of security in a crypto-
graphic sense [5], [6].

During recent years, different approaches have addressed
the use of chaos for communications. Among them, the fre-
quency-modulated differential chaos shift keying (FM-DCSK)
technique has deserved considerable attention. Advantages of
this technique include precise control of the spectral profile
and processing gain of the transmitted signal, and increased
robustness against multipath effects and channel imperfections
[2]. It has also been demonstrated that FM-DCSK communica-
tion systems are tolerant to jamming attacks [7]. Furthermore,
they can coexist with narrow-band conventional systems whose
frequency bands fall within those of the chaos-based system
[8]. These appealing features are complemented with the low
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Fig. 1. Conceptual diagram of an FM-DCSK modulator.

complexity of the demodulation scheme, which makes these
systems appropriate for low-cost, low-to-medium performance
applications. Currently, enhancements of the basic FM-DCSK
modulation scheme are being explored to increase transmission
data rates and to exploit the underlying determinism of chaotic
dynamics for improved noise performance [9]-[11].

The application-specific integrated circuit (ASIC) presented
in this paper demonstrates that FM-DCSK can be efficiently and
robustly implemented in silicon—a remarkable precedent of a
quasi-chaotic FM-DCSK radio system using an FPGA baseband
section can be found in [12]. It has been fabricated in a two-poly
three-metal 0.35-pm CMOS technology, operates from a 3.3-V
supply, and consumes less than 100 mW. This ASIC is a pro-
grammable device which embeds all the nonstandard functions
required for FM-DCSK modulation, i.e., all the functions re-
lated to the generation and handling of the chaotic signals. Pro-
gramming capabilities refer to the most critical parameters of
the modulation; namely chip rate, transmission bandwidth, and
spreading characteristics. Taking advantage of these program-
ming features, the ASIC has been used as the core of a test plat-
form to evaluate FM-DCSK performance for different settings
and propagation conditions.

This paper is organized as follows. Section II briefly describes
the FM-DCSK modulation concept, presents the target speci-
fications of the test platform (derived from a typical wireless
local area network application), and outlines the architecture of
the modulator with emphasis on the designed ASIC prototype
and its interface to other off-chip elements of the demonstrator.
Section III focuses on the analog part of the ASIC. In partic-
ular, the basic topology, the switched-capacitor (SC) schematics
and the building block implementations on the carrier generator
are described. Considerations on the required accuracy of the
building blocks and the robustness of the chaotic oscillations are
presented in [13]. Section III also gives experimental measure-
ments on the performance of the carrier generator, which can
be made externally accessible for test purposes through dedi-
cated circuitry. Section IV shows experimental results from the
test platform illustrating the operation of the FM-DCSK modu-
lator, and highlights the different programming features of the
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Simplified block diagram of the proposed FM-DCSK modulator. The output of the carrier generator takes the form of an m-bit long digital word. The

shaded blocks are implemented off-chip. The sample encoder block operates external to the chip or not, depending on the selected operation mode, NCP or CP,

respectively.

ASIC. Section V provides estimations of the bit error rate (BER)
of the FM-DCSK communication under multipath propagation
environments, based on signals acquired from the test platform.
Such estimations have been obtained by computer simulation
with tapped delay line channel models for indoor applications,
recommended by the Personal Communication System Joint
Technical Committee (PCS JTC) [2], [14]. Finally, Section VI
concludes the paper.

II. FM-DCSK MODULATION CONCEPT AND ARCHITECTURE

Fig. 1 shows the conceptual diagram of a binary FM-DCSK
modulation scheme [2]. Every incoming binary data by is
mapped onto two sample functions of duration 7/2 (T}, de-
notes the time slot of a bit), which are transmitted one after the
other. The first sample function is a reference signal while the
second one conveys the information. Depending on whether
the information symbol is either ‘1’ or ‘0’, the second sample
function is either an exact replica or an inverted version of the
reference signal, respectively. If sample functions are obtained
from a chaos generator, the above operation defines a generic
DCSK modulation process. In the case of FM-DCSK, chaotic
sample functions are FM modulated (with center frequency
fe and peak frequency deviation A f) prior to undergoing the
DCSK operation [15].

The designed ASIC includes only the modulation tasks; i.e.,
those tasks which involve the generation and handling of the
chaotic signals. A core component of the ASIC is the carrier
generator which employs sampled-data models and circuits to
deliver m-bit quantized chaotic digital outputs. Demodulation
tasks are not included in the ASIC because they can be ac-
complished by using a conventional noncoherent correlation re-
ceiver [2].

Fig. 2 shows the block diagram of the FM-DCSK modulator
platform which makes use of the herein designed ASIC. This
block diagram is a modified version of Fig. 1 in which DCSK
modulation is accomplished in two stages, namely, sample func-
tion generation, on the one hand, and concatenation and con-
trolled sign inversion, on the other. The two operations in this
latter stage, which will be jointly referred to as sample encoding,
can be realized either after FM modulation or before FM modu-
lation. This choice defines two different operation modes de-
noted as non-continuous phase (NCP) and continuous phase
(CP), respectively. The purpose of separating the DCSK modu-
lation into two stages is to translate the delay operation involved
in the process of sample generation (the most critical function in
terms of timing accuracy) to lower frequencies, namely, at the
chip rate of the chaos generator.

Most of the operations of the FM-DCSK platform are
embedded into the ASIC. Only the shaded blocks in Fig. 2
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Fig. 3.

are off-chip. They include the sample encoder in the NCP
operation mode and the FM-modulation block. This latter
block is implemented by commercial direct digital frequency
synthesizers (DDFS) with embedded digital-to-analog (D/A)
converters [16], followed by passive low-pass reconstruction
filters. The DDFS/DAC operates with a system reference clock
of fr.cLK 180 MHz. This reference clock determines
the frequency fout,; of the output signal of the DDFS/DAC
according to the following expression [16]:

Vouti = (AP; - fr_cLk)/2% (1)

where AP; represents the decimal value of a 32-bit phase in-
crement tuning word. Taking into account (1), the m-bit length
digital output of the chaos generator can be regarded as a phase
increment which, after processing, must be uniquely mapped
into the tuning word AP;.

With the exception of the carrier generator, which is a mixed-
signal circuit, the building blocks of the ASIC are digital. For

and Conditioning P

Supported operation modes for FM-DCSK modulation. (a) NCP mode and (b) CP mode. The blocks inside the dashed boxes are implemented on-chip.

instance, the delay operation is implemented by using a pro-
grammable RAM as shown in Fig. 2. In the write phase, the
m-bit digital word generated by the carrier generator is stored,
row by row, in the RAM memory at a rate determined by the
clock frequency of the chaos generator, f¢_crk. In the read
phase, the digital words stored in the RAM are sequentially read
out in the same order as they were written into the memory.
Row selection during the read and write phases are easily ac-
complished with an V,,-bit binary counter and a decoder, where
N,, represents the number of chaotic samples allocated in 75 /2.

Those blocks in Fig. 2 controlled by signal OM (Operation
Mode) are reconfigurable, and vary depending on whether the
NCP or CP mode is enabled. Both configurations are detailed
in Fig. 3. The NCP mode, illustrated in Fig. 3(a), is an imple-
mentation of the FM-DCSK modulator functionally equivalent
to the scheme of Fig. 1, as originally proposed in [2]. It uses
two different paths for the reference and (delayed) informa-
tion-bearing segments, and sample encoding is accomplished
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after FM modulation. Note that FM modulation requires two
different DDFS/DAC blocks, one for each path. In this con-
figuration there are noncontinuous transitions among frequency
modulated sample functions because encoding is accomplished
off-chip in the amplitude domain. This explains the NCP term
used for this operation mode. Samples concatenation is realized
by a 2-input multiplexer controlled by M_CLK, the underlying
clock of the output data, and programmable sign inversion is im-
plemented by an analog amplifier with gain +1 or — 1 depending
on bit by, (this is a version of the information bit b, aligned to the
edges of M_CLK by means of a bit synchronizer). In the NCP
mode, the RAM works as a first-in first-out (FIFO) memory,
and the logic circuitry used to read the data stored in the RAM
is reduced to a wired connection to the G_CLK clock. The fre-
quency selection and conditioning circuit to drive the off-chip
DDFS/DACS consists of two sets, composed by a phase incre-
ment mapping circuit and a glue logic block, for each of signal
paths. The phase increment mapping block performs the arith-
metic operations (multiplication and addition) required for the
calculation of A P; in (1), in terms of its m-bit input digital word
A¢;. Depending on the path, this word comes directly from the
chaos generator or from the RAM memory. The operation of
this block is simply given by

AP, = Ap. + Adpm X Ag; (2)

where A¢,. is a 31-bit phase increment digital word corre-
sponding to the center frequency f. of the FM modulation,
and A¢pyr is a 20-bit phase value which determines the peak
frequency deviation A f, according to

Af = (Agrm - frocrx)/27 0D, 3)

As shown in Fig. 2, digital words A¢,. and A¢py; must be se-
rially loaded into a register before FM-DCSK modulation starts
(a flag signal reveals if incorrect data are loaded). The glue logic
block converts the output of the phase increment mapping cir-
cuit, which is in parallel 32-bit format, into five serial 8-bit
words (one of them added for control), in order to make data
compatible with the input format of the DDFS/DAC [16]. Sig-
nals FQ_UDx and W_CLKX, also provided by the glue logic
block, are used for the validation and loading control of se-
quences, as shown in Fig. 3.

In the CP mode, illustrated in Fig. 3(b), the ASIC implements
a modification of the original FM-DCSK modulator which uses
a single path for both the reference and information-bearing seg-
ments, thus saving considerable hardware as compared to the
NCP operation (a single DDFS/DAC and its corresponding fre-
quency selection and conditioning blocks are required). Blocks
that are not used in the CP mode, both inside and outside the
ASIC, are disabled by a power-down control circuitry integrated
in the chip. In this configuration, samples encoding is accom-
plished on-chip in the phase domain, which guarantees contin-
uous transitions among frequency modulated sample functions.
The logic circuitry used to read the RAM differs from that of the
NCP mode. In this case, data stored are only read when M_CLK
is in the high state, i.e., during the time slot of the second sample
function associated to bit b. In Fig. 3(b), this is simply accom-
plished by an AND gate. Sample concatenation is realized by
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TABLE 1
NOMINAL OPERATION CONDITIONS OF THE FM-DCSK MODULATOR
Speed operation mode slow | fast
Bit duration 7, 2us
Master clock frequency, /&;LK (MHz) 180
Clock of the chaos generator, /ELCLK (MHz) 10 15
FM center frequency, /. (MHz) 36
FM peak frequency deviation, A/ (MHz) 8.5 7.8

a digital multiplexer, controlled by M_CLK, which takes alter-
natively segments from the chaos generator and the RAM. Pro-
grammable sign inversion is realized by selectively altering, de-
pending on bit by, the sign of input A¢; in the phase increment
mapping block. Regarding (2), this is equivalent to altering the
sign of the second term in the right-hand side of the equation,
according to the logic level of by. On the receiver side of the
FM-DCSK system, this makes it possible to carry out an un-
biased estimation of the transmitted bit, similar to what hap-
pens in the NCP operation mode [2]. The price of this notable
hardware simplification at the modulator is a modest increase in
complexity on the receiver side of the FM-DCSK system, which
in CP mode requires a frequency detector before the auto-corre-
lation process (as occurs in some Bluetooth receiver implemen-
tations [17]-[19]).

Specifications for the FM-DCSK modulator ASIC are based
on those of a commercial direct sequence baseband processor
designed to IEEE Standard 802.11(1999 E) [20]. Two nominal
operation conditions have been defined. They are summarized in
Table I and denoted as slow and fast speed modes, respectively.
They differ on the transmission bandwidth 2A f, and the clock
frequency of the chaos generator, fo_cLk, (obtained by the pro-
grammable frequency division of a fr_crx = 180 MHz system
clock). Assuming that the output data rate is fixed at 500 kb/s
(T = 2 ps and clock M_CLK is obtained by the frequency di-
vision of R_.CLK by 360), altering the chip rate of the chaos
source modifies the number of frequency hops Ny per sampled
chaotic segment according to

N, = fr.cLk @
fa_cLk

and, hence, Ny amounts to 18 in the slow speed mode and 12
in the fast case. On the other hand, the number NV,, of chaotic
samples allocated in T}, /2 is given by

N, = fG_CLK (5)

Ny - frr_cLk
where IV, = 2 represents the number segments per information
bit. From (5), NV, = 10 in the slow speed mode and 15 in the
fast case. For illustration purposes, at the bottom of Fig. 2, a
conceptual timing diagram of the modulator operated in the slow
speed mode is shown.

As it is demonstrated in [2], the product 2A fTy, is critical
on the noise performance of the FM-DCSK communication
scheme. For a given bit duration 73, decreasing the RF trans-
mission bandwidth improves the noise performance of the
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system, i.e., the BER over an additive white Gaussian noise
(AWGN) channel lowers; however, it simultaneously degrades
the multipath performance. Data in Table I offer a good tradeoff
between processing gain and multipath tolerance [21], and
because of the availability of theoretical and simulation results
[2], [21], the experimental results taken from the test platform
can be easily contrasted.

III. CARRIER GENERATOR

The carrier generator in the proposed FM-DCSK modulator
platform provides an m-bit quantized digital output from an
analog chaotic waveform which is internally generated in fully
autonomous manner. This section discusses the architecture
and circuit implementation of this block. Also, Section III-D
presents experimental measurements on the performance of the
carrier generator when isolated through proper setting of the
embedded test control block.

A. Architecture

Fig. 4 shows the conceptual block diagram of the mixed-
signal carrier generator implemented in the ASIC. It can operate
either in externally-driven mode (signal O/C in the ‘high’ state)
or in autonomous mode (signal O/C in the ‘low’ state). The
former is selected during analog calibration at start-up. It is also
selected when the block is used as a conventional analog-to-dig-
ital (A/D) interface to an external carrier V.. ; in such a case, the
signal ¢, defines the loading interval.

In autonomous mode, the circuit can be seen as a cyclic re-
dundant signed digit (RSD) A/D converter (ADC) [21], modi-
fied in such a way that the input of the sample-and-hold (S/H)
block is permanently connected to the output of the residue am-
plifier. Owing to such a modification, the feedback loop enters
in chaotic regime and the output of the S/H amplifier wanders
randomly along the signal range [Vg—_ /2, VR4 /2] with uniform
probability in the nominal case [13] (Vz— /4 and Vi /4 are the
lower and upper threshold levels of the coarse ADC, and volt-
ages Vr_ and Vg are referred to ac ground). This feature guar-
antees a uniform spreading of the information and, hence, a bal-
anced coverage of the transmission band.

The digital correction logic (DCL) block in Fig. 4 combines
the most recent r-bit codes provided by the coarse ADC and
those obtained in previous iterations to synthesize the m-bit dig-
ital quantized versions of the analog iterations. Its operational
principle closely follows that of DCL blocks for pipeline ADCs
[22]. After DCL operation, the reconfiguration logic (RL) block,
a piecewise-linear digital FIR filter, can be used to modify the
statistical properties of the digitally corrected words [13]. This
is illustrated in Fig. 5, which shows the return maps and the
power spectra experimentally obtained at the input [Fig. 5(a)]
and output [Fig. 5(b)] of the RL block (for a 25-MHz clock). The
parameters used in the prototype are r = 2, m = 10, and a nom-
inal gain of the residue amplifier A = 2. In both cases shown
in Fig. 5, the signals remain uniformly distributed. However,
their spectra are quite different. Namely, that obtained after RL
processing shows a flat white noise-like profile [Fig. 5(b)] in-
stead of a high frequency excess-noise characteristic [Fig. 5(a)].
In the ASIC, the RL block can be either bypassed or enabled
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Fig. 4. Block diagram of the carrier source implemented in the ASIC.

and, hence, two different carrier signals are available. They will
be called in the following the H-type carrier (for highpass-like
spectrum, RL block disabled) and F-type carrier (for flat-like
spectrum, RL block enabled).

B. Switched-Capacitor Implementation

The analog part of the carrier generator, shown in the shaded
area in Fig. 4, has been implemented using fully differential
SC circuits operating at 25 MHz (a dedicated clock input is en-
abled for testing the carrier generator alone). In the autonomous
mode (signal auto permanently in the ‘low’ state), reference
voltages are Vg4 = 1 Vand Vg = —1V, and the trap-
ping region of the chaotic oscillations becomes 2 Vp-p differ-
ential. Fig. 6 shows the schematic of the SC circuit in which the
square boxes are symbolic representations of analog switches
and the label inside each box indicates the clock phase during
the ON state. Two major blocks can be identified in Fig. 6,
namely, a flip-around sample-and-hold amplifier and a 1.5-bit
MDAC—similar to those used in pipelined ADCs [23]. The
schematics depicted in Fig. 6 have been chosen because they are
advantageous versus alternative circuits in terms of £7'/C noise,
distortion introduced by amplifier gain variation, and power dis-
sipation for a given speed [23]. The amplifiers in both structures
incorporate offset cancellation techniques which require the am-
plifiers to be connected in unity gain configurations during their
respective sampling phases [24]. Regarding the two pairs of ca-
pacitors, C7 and C, they have been implemented using trim
arrays which can be calibrated to obtain a residue gain as close
as possible to the nominal value of 2 [25].

The operation of the circuit in Fig. 6 is controlled by the two
nonoverlapped clock-phases ¢; and ¢ shown at the bottom
of the figure. Two delayed versions of the above phases, ¢1p
and ¢op, are also used to suppress charge injection effects from
bottom plate switches [25]. In the nonautonomous case, signal
auto is determined by ¢, (see Fig. 4) which turns ON during a

Authorized licensed use limited to: Universidad de Sevilla. Downloaded on March 19,2020 at 16:30:55 UTC from IEEE Xplore. Restrictions apply.



DELGADO-RESTITUTO et al.: A MIXED-SIGNAL INTEGRATED CIRCUIT FOR FM-DCSK MODULATION

-0.5 0.5

1465

Power (dB)

-1 1
(a) Return map
)
S
o] j :
2 : Z
(o] H H
o ; 1
S e A S n
| - 10 | i
-1 -0.5 0 0.5 1 0 5 10
(b) Return map Frequency (MHz)
Fig. 5. Effect of RL processing. Experimental return map and power spectrum characteristic at (a) the DCL output signal and (b) the RL output signal.
V VR
Vext,p R+ R
auto L R N
auto
(]
Vdap o ) Voutp
25 D] 0] [1D 20]
—zH S =2 T
ca| /R 7/c 7lc2
-3 ADC c - P
>+ e >
+ A BE | L + A
c3 \ c1, ca, |~
== L7 i N
2D [1D} 1D}—{1D [2D}
Vdan - 9 — Voutn
L1
%] auto auto
L R
Vext,n
VR. VR+ 41  op oo  Oop
] I ~
Vi, i ). t

Fig. 6. SC implementation of the analog section of the chaos generator (shaded area).

first ¢op phase, to load the external voltage V¢, and then re-
mains OFF during the following ten clock periods in order for
the cyclic converter to resolve the digital output. Signals L, C,
and R are generated by the circuit of Fig. 7, formed by a coarse
ADC, whose comparators are latched at the end of phase ¢1p,
and a binary encoder (BE) (both blocks have been symbolically
combined in Fig. 6). These signals are enabled during phase
¢2p, and exhibit a 1-out-of-3 format. The data bits MSB and
LSB form the 2-bit digital word that feeds the DCL block in
Fig. 4. Differential comparators at the front of the coarse ADC

Authorized licensed use limited to: Universidad de Sevilla. Downloaded

in Fig. 7 use an input SC differencing network followed by a
preamplifier, as in [26]. The schematic of the differential com-
parator is shown in Fig. 8.

C. Building Blocks

The operational amplifiers for the S/H and MDAC use a
two-stage cascode compensated architecture [22], [27]. Such
a choice is dictated by the high output swing requirements
and the demanding dc-gain and dynamic-performance speci-
fications. Particularly, a very high slew rate is needed to deal
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with the occasional large jumps of the chaotic waveform [13].  stages.

Fig. 9 shows the amplifier schematic. It consists of a telescopic
first stage and a fully differential second stage. A dynamic SC
common-mode feedback (not shown in Fig. 9) is used to define
the voltages of the high impedance output nodes V,;; and
Voi—.

The telescopic topology has a number of advantages over its
folded-cascode counterpart, namely, fewer noise-contributing
devices, fewer current legs, and wider bandwidth for a given cur-
rent level. Note that the input transistors are pMOS. On the one
hand, using these transistors allow us to cancel the body effect
of the input transistors and, hence, to reduce the substrate noise
coupling [29]. On the other hand, 1/ f noise of nMOS devices
available in the used technology is considerably larger than that
of pMOS ones.

The second stage of the amplifier employs a fully differen-
tial structure, instead of a quasi-differential common-source

structure. This is dictated by different considerations. On the
one hand, having a tail-current device eliminates the need for a
power-hungry inversion stage for the common-mode feedback
amplifier [28]. This enables the use of a dynamic switched-ca-
pacitor common-mode feedback circuit, as in the first stage,
which does not dissipate any static power. On the other hand,
the fully differential second stage amplifier also eliminates
the need for a dynamic level shift between the output of the
first stage and the input of the second stage. Finally, this fully
differential topology improves the power-supply rejection ratio
(PSRR) and the common-mode rejection ratio (CMRR).

The tail currents of both stages are provided to some extent
by a fixed current source (through transistors Mx) and the rest
by the common-mode feedback (through transistors MxB) for
improved settling and stability.
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Fig. 10. Building blocks of the comparators in the coarse ADC. (a) Preamplifier. (b) Regenerative amplifier. (c) SR latch.

The design of the CMOS switches has been carried out with
two main considerations in mind. First, the nonzero on-resis-
tance has a large impact on the dynamics of the SC ampli-
fiers, slowing down their transient response. Second, the switch
on-resistance is highly dependent on voltage in low-voltage im-
plementations. According to settling considerations, resistances
in the range of 250 €2 can be tolerated in combination with
the amplifier dynamics. In our process, such a value can be
obtained using standard-threshold CMOS transmission gates,
with no need for clock boosters. The sizes of the pMOS and
nMOS devices are selected to equalize their transconductances,
keeping the resistance of the transmission gate as linear as pos-
sible.

Fig. 10 shows the different building blocks of the comparators
in the coarse ADC (see Figs. 7 and 8). They include a preampli-
fier with partial positive feedback [Fig. 10(a)] which attenuates
the impact of common-mode interferences, a regenerative stage
[Fig. 10(b)] and an SR latch [Fig. 10(c)]. In the regenerative
amplifier, the small voltage imbalance created across the nMOS
switch controlled by ¢1p during the reset phase is rail-to-rail re-
generated during the positive-feedback comparison phase. The
latter starts when ¢;p goes high, thus making the latch react be-
fore the integrator output changes at the beginning of ¢op. Dif-
ferent supply paths are used for the pre-amplifier and the regen-
erative latch in order to reduce the sensitivity to digital switching
noise and supply bouncing.

Analog buffers in Fig. 4, employed to observe the chaotic
waveforms generated by the carrier source, use slew-rate en-
hanced folded-cascode operational amplifiers with low input
capacitance [31]. Other building blocks such as the reference

voltage generator and the clock phase synthesizer and its drivers
have been designed as in [32].

D. Measured Results

Fig. 11(a)—(b) shows the measured peak-to-peak differential
nonlinearity (DNL) and integral nonlinearity (INL) of the con-
verter as functions of the clock frequency. As may be observed,
the DNL remains within £0.3 LSB (at 11-bit resolution) from
5 MHz to 30 MHz and notably degrades at 35 MHz. In the case
of INL, the plots are confined to the range +1.25 LSB from 5
to 25 MHz. Fig. 12(a) and (b) presents the DNL and INL plots
for a sampling frequency of 25 MHz. They correspond to the
encircled bars of Fig. 11(a) and (b), respectively.

It is worth mentioning that both the DNL and the INL have
been evaluated through a (full speed) free-running code den-
sity test [13], taking advantage of the autonomous operation of
the generator. No external low-frequency sinusoidal input has
been used during the tests, as occurs with conventional ADC
testing. In the externally driven mode with a sinusoidal input of
5 MHz and a clock frequency of 20 MHz, the measured SNDR
is 58 dB. The power consumption of the complete carrier gen-
erator, including the buffers for testing analog signals, is lower
than 40 mW.

IV. MEASURED RESULTS

Fig. 13(a) shows a microphotograph of the ASIC fabricated in
a two-poly three-metal 0.35-pum CMOS technology. It occupies
an active die area of 4.2 mm? and consumes less than 100 mW
in the CP mode. The digital section of the ASIC, at the bottom of
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Fig. 12. (a) DNL and (b) INL plots of the carrier generator measured at
11-bit resolution for a sampling frequency of 25 MHz. They correspond to the
encircled bars of Fig. 11(a) and (b), respectively.

the microphotograph, has been designed following a synthesis
procedure from VHDL register transfer descriptions. The clock
tree was optimized to meet the timing requirements, mainly the
tight signaling interface between the ASIC and the DDFS/DAC
blocks. Fig. 13(b) shows a picture of the test board.
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(b)

Fig. 13.  (a) ASIC microphotograph. (b) FM-DCSK board.

FCA o Joosafofeckos Foosafcaferl 7+ Tockazfrafoaioae

ECY DF Ruoﬁ"fﬁ-:ﬁcﬂza Y00X2BY{3FYA0Y B4 Y00¥47YFCYCCY D4

TR
54055
O

54074

Fig. 14. Waveform display for DDFS/DAC write operation in the NCP mode
at 15 MS/s rate, taken from HP82000. Data are in hexadecimal notation.

Some illustrative waveforms taken from the HP82000 au-
tomatic test equipment are displayed in Fig. 14, showing the
DDFS/DAC write cycle for the NCP mode at a 15 MS/s rate.
Every G_CLK cycle, the 32-bit output of the DCSK is trans-
lated into one 8-bit control word (00 in the data of the figure)
plus four 8-bit data words. The five words are serially loaded
onto the DDFS/DAC through five pulses in W_CLK signal and
are uploaded with a final pulse in FQ_UD. This write operation
must be done in one G_CLK cycle, 66 ns in the 15 MS/s fast
rate mode.

An extensive experimental characterization of FM-DCSK
signals, under all major operation settings, has been realized.
As a major noticeable fact, it was found that the out-of-band
spectrum profile is sharper (side lobes are smaller) in the
CP operation mode than in the NCP mode under the same
FM-modulation conditions, speed mode, and carrier selection.
This can be explained because of the reduced envelope varia-
tion of the FM-DCSK signal in the former case—an additional
advantage of the CP mode versus the NCP counterpart.

For illustration purposes, Fig. 15 shows the measured power
spectra of synthesized FM-DCSK signals for a chip rate of
10 MS/s, CP operation mode and autonomous carrier gener-
ator with the RL block disabled (H-type waveforms). Those
in Fig. 15(a) are obtained for an FM frequency deviation of
6.4 MHz, and an FM center frequency varying from 8 to
36 MHz at 7-MHz steps (available f. tuning: 0-36 MHz at
0.04-Hz steps). Those in Fig. 15(b) are obtained for an FM
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Fig. 15. Measured power spectra of synthesized FM-DCSK signals for a chip

rate of 10 MS/s with H-type carriers. (a) Variation with FM center frequency.
(b) Variation with FM frequency deviation.

center deviation of 36 MHz, and an FM frequency deviation
varying from 6.4 to 8.5 MHz at 0.7 MHz steps (available A f
tuning: 0—15 MHz to 15 Hz steps). In all cases, close agreement
with behavioral simulations is observed [2]. An equivalent set
of measured spectra was also obtained, this time with F-type
carriers. Results are given in Fig. 16. The apparently distorted
spectra have been theoretically explained in [15].

V. ESTIMATED BER PERFORMANCE

BER estimations of FM-DCSK using signals acquired from
the test platform have been also realized. FM-DCSK signals
have been quantized (10-bit resolution) at a rate defined by the
system reference clock of fr_crxk = 180 MHz using a com-
mercial ADC, captured by the HP82000 digital tester, and then
transferred to a host computer for processing. Stored signals
have been time-aligned with the transmitted bit stream (a bi-
nary random sequence) and then processed by a fast BER eval-
uator developed in the MATLAB environment [33], based on a
low-pass equivalent model for FM-DCSK which supports mul-
tipath effects. Similar to [2], different channel models (proposed
by the Personal Communication System Joint Technical Com-
mittee) have been considered. They include models for typical
indoor office, residential, and commercial environments [14].
All of them, as well as two-ray models with balanced and un-
balanced attenuation in both paths, have been used for eval-
uation. All these cases have assumed RF transmission in the
2.4-GHz ISM band and a variable RF center frequency, from 2.4
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Fig. 16. Measured power spectra of synthesized FM-DCSK signals for a chip
rate of 10 MS/s with F-type carriers. (a) Variation with FM center frequency.
(b) Variation with FM frequency deviation.

to 2.412 GHz at steps of 2 MHz. Demodulation at the receiver
is assumed to be accomplished in the digital domain after an
ADC of 6-bit resolution at 200-MHz sampling. As pointed out
in Section II, the demodulator consists of a conventional delay
correlator and a threshold circuit in the NCP case [2] and it ad-
ditionally includes a frequency detector between the ADC and
the correlator in the CP case. All these blocks have been prop-
erly modeled in the MATLAB environment for BER evaluation.

Following the above procedure, it has been found that both
the CP and the NCP perform similarly and that under all tested
propagation conditions the system obtains a BER = 1072 for
signal-to-noise ratio (F} /N, ) lower than 28 dB. As a reference,
Bluetooth receivers based on GFSK modulation require 21 dB
in AWGN channels and a fading margin of 8§ dB [34]. Also,
experiments reveal that noise performance improves at higher
chip rates, and that RL processed carrier signals slightly im-
prove BER performance (signal power can be reduced by about
0.4 dB) at the expense of a nonsmooth transmission power pro-
file. All these measurements agree with the theoretical predic-
tions and simulations in [2].

VI. CONCLUSION

A mixed-signal ASIC for FM-DCSK modulation has been
fabricated in a two-poly three-metal 0.35-um CMOS tech-
nology. Taking advantage of its many programming features,
the ASIC can be used as the core of a test platform to char-
acterize FM-DCSK under different propagation conditions.
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The ASIC integrates a novel continuous-phase FM-DCSK
modulation which considerably reduces the hardware budget
as compared to the original scheme. A fundamental part of the
ASIC is a low complexity carrier generator able to produce
chaotic waveforms both in the analog and digital domain. This
feature could be exploited, in addition to the proposed appli-
cation, to implement dithering mechanisms in conventional
ADCs.
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