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Abstract—An ultra low power neuromorphic bandpass fil-
ter (BPF) for dedicated short range communication system is
proposed. The filter is designed for an intermediate frequency
receiver for a passband of 75 MHz with 37.5 MHz center
frequency. In an effort to improve the filter performance without
compromising power consumption; a standard R,,-C BPF struc-
ture is incorporated within the modified Izhikevich neuron to
design the neuromorphic bandpass filter. Implemented in 45 nm
CMOS technology, the proposed bandpass filter consumes 100.8
nW at a supply voltage of 0.5 V. The neuromorphic bandpass
filter demonstrates excellent figure-of-merit (FOM) of -181.5 dB
for a spurious free dynamic range of 27.1 dBm.

I. INTRODUCTION

In the recent years, autonomous car technology has gained
lots of interests among potential users, manufacturers, and
government agencies. While in the United States each year
almost 38,000 deaths occur in car accidents due to human
errors, the autonomous car technology can promise to provide
better safety and security of human lives by maintaining
an integrated sensor and communication environment. As an
integral part of the intelligent transportation services (ITS), a
dedicated short range communication (DSRC) protocol has
been developed worldwide where a 5.9 GHz ISM band is
allocated for communication using DSRC service in the USA
[1].

The DSRC service is an important step in making au-
tonomous cars safe by establishing a radio link between an
on-board equipment (OBE) and roadside equipment (RSE)
within a small communication range from 100 m to 1 km. This
will enable a vehicle-to-vehicle or vehicle-to-infrastructure
communication to avoid a potential accident situation by
alerting the autonomous car system to impending hazards-such
as a sudden stop of vehicles in front; the location of nearby
OBEs and RSEs; anticipating collision paths during merging;
acute curves or slippery patches on the road ahead [2].

Traditionally, the low frequency bandpass filters are de-
signed with transconductance-C (Gm-C) filters, operational
transconductance amplifiers (OTA), and a switched capacitor
[3-5]. Since the high power requirements of the filters dis-
cussed earlier do not meet the CMOS power budget, split
current sources and log-domain filter topologies have been
considered [6], [7]. For high frequency applications such
as radio frequency (RF) receivers, the bandpass filters are
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Fig. 1. Symbolic representation of neuron inspired IF band pass filter in an
autonomous car.

designed for the intermediate frequency (IF). In recent years,
significant strides are made to develop an integrated CMOS
DSRC transceiver for Korea/Japan ETCS at 5.8 GHz [8],
[9]. The BPFs in these transreceivers are designed for an
IF stage with center frequency of around 37.5 MHz with 75
MHz bandwidth alloted in the spectrum. They are realized by
using off-chip passive elements for achieving higher channel
attenuation ratio, but at the expense of increase in hardware
overhead. A band-select on-chip resonance based cascaded
BPF is developed in [10] for DSRC system for center fre-
quencies ranging from 27 MHz to 41 MHz with a total power
consumption of 14.8 mW.

The paper is organized as follows; section II provides insight
on the proposed bandpass filter. The simulation results are
discussed in section III. Finally, the paper is concluded in
section IV.

II. THE PROPOSED NEUROMORPHIC BANDPASS FILTER

The symbolic representation of the neuromorphic IF BPF
for DSRC system in an autonomous car is shown in Fig. I.
In order to improve the noise performance and the power
handling capability of the standard CMOS R,,,-C BPF, it is
incorporated within a neuron inspired signal integrity block.
Figure 2 illustrates the proposed fourth order neuromorphic
bandpass filter with a bandwidth of 75 MHz based on the
Izhikevich neuron model.
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Magnitude and phase response of the proposed neuromorphic bandpass

A. Proposed Neuromorphic Bandpass Filter Circuit Architec-
ture

Figure 2 shows a 4 order R,,-C BPF topology. The
proposed 75 MHz bandwidth BPF is realized using all on-
chip components. For realizing a smooth frequency response
in a wide band BPF, a higher order cascaded connection is
required. Capacitance C1, C2 with MOSFETs M1, M2 and
capacitance C3, C4 with MOSFETs M12, M13 are connected
in a cascaded manner to generate high-pass and low-pass
cutoff frequencies, respectively for the BPF. The simulated
magnitude and phase response is shown in Fig. 4. A monoton-
ically decreasing phase response is achieved for the passband.

1) Modeling R,, using a MOSFET: A MOSFET can be
modeled as a controlled resistor when Vpg is low. A R,,, cell
connected in a negative feedback manner can be achieved by
performing a small signal analysis of the transistor as shown in

Neuron Inspired Signal

Integrity Stage

Circuit diagram of the proposed neuromorphic bandpass filter.

TABLE I
COMPARISON OF POWER CONSUMPTION

CMOS Technology
45 nm
45 nm
65 nm
65 nm
65 nm
65 nm

Power (puW)
0.1
180
48.5x103
13.1x10°
0.9%x103
28%103

This Work
[16]
[17]
[18]
[19]
[20]

Fig. 3. The resistance Rpg of the MOSFET depends upon the
Vas, i.e. as Vgg increases above V1, Rpg decreases and vice
versa. This can be intuitively realized by following equation:

LW
HnCox (VGS -Vr— VDS/2)

where, W and L are the width and length of the MOSFET
respectively, pn,Coy is a process parameter, Vgg is Gate-
Source voltage of a MOSFET, Vr is the threshold voltage
and Vpg is Drain-Source voltage. Hence the Rpg value
can be altered by changing the gate drive (Vgs-Vr) or by
changing the W/L ratio of the MOSFET. Thus the BW of
the filter can be tuned by changing the operating region of a
MOSFETs (M1-M2 and M12-M13) from weak inversion to
velocity saturation.

2) Neuron-inspired signal integrity block: Since this struc-
ture does not have a high impedance input port, a cascade
connection for high order filter realization would require
an additional buffer circuit in order to maintain the signal
integrity. A Izhikevich neuron inspired signal integrity block is
used in this design. Building on the VLSI implementation of
the Izhikevich neuron proposed in [12], the proposed design
improves the stability of the neuron model by implementing
a wide swing cascode current mirror. The output of the high
pass stage is used to bias M6 and its size is designed such that
it operates in saturation. The current generated by M6 is fed
to the wide swing cascode mirror of the membrane circuit and
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Fig. 5. Magnitude response of the proposed neuromorphic bandpass filter at
different operating temperature levels.

simple current mirror of the slow variable circuit. The Ip7as
in the wide swing current mirror can be set to Ip;,q, of M6
to ensure the Vpg of transistors M4 and M10 force them
towards triode region. Since transistor M6 is in saturation, it
will fed the current mirrors with a constant current irrespective
of small variations at the gate caused by the non linearity in
the high pass stage. Hence, the bias current and the size of the
transistor M3 can be kept lower in order to save power. This
will have no effect on the current densities as the current will
be mirrored efficiently even if the V,,;, at the current sink is
as low as 2AV.

The mirrored current (I,) is used to charge the membrane
capacitor C, as described in section 2A. The size of the C, is
kept smaller for fast charging. Consequently it will discharge
fast through transistor M7 even if large M7 is used. The hyper-
polarization of C, can be controlled by biasing M7 with the
slow variable circuit. This will assure a stable transfer of the
signal from high pass stage to low pass stage, thus improving
the noise performance and signal integrity of a traditionally
lossy R,,,-C bandpass filter.

III. SIMULATION RESULTS

The circuit proposed in Fig. 2 for a neuromorphic BPF
is designed and simulated in a standard 45 nm CMOS
technology. The lossy R,,-C filter is incorporated within a
modified izhikevich neuron to improve the filter performance
without increasing the power consumption. Table I shows
the comparison of the neuromorphic filter and stat-of-the art
BPF. The proposed on-chip filter for a passband of 75 MHz
consumes only 100.8 nW of power for a 0.5 V voltage supply.

In order to verify the stability of the presented BPF, a supply
voltage sweep and temperature sweep was performed from 0.5
Vto 1V and from —25° C to 125° C respectively. A constant
frequency response was observed when supply voltage was
varied in the range of 0.5 V to 1 V. The temperature sweep
results shown in Fig. 5 records a slight change in lower
cutoff frequency. A variation in insertion loss of 1.71 =+
0.5 dB can be observed. This fluctuation in lower cutoff
frequency and insertion loss is due to high sensitivity of 45 nm
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Fig. 6. Extrapolated IIP3 of the filter with two tones of 37.5MHz and 40 MHz

at the input.

standard process CMOS transistors towards Process-Voltage-
Temperature (PVT) variations.

Figures 6 and 7 demonstrate the results of a two tones input
test. For input tones of 35 MHz and 37.5 MHz with P;,, of
-30 dBm, an IIP3 of 1.8 dBm is observed. It is clearly seen
in Fig. 7 that the 2"¢ and 3"¢ order harmonics of the input
tones are suppressed. Based on a Monte-Carlo simulation, see
Fig. 8, the average input-referred noise is 130 nV,,,s with
a standard deviation o of 25.9 nV,,,s. In addition, another
metric to assess the filter’s performance is the figure-of-merit
(FOM), which is given as [13]:

2

Prons
FOM = 10log< cons * Vi )

NxF,xSFDR

where, P.,,s is the power consumption, V44 is the supply
voltage, N is the order of the filter, F. is the center frequency,
and SFDR is the spurious free dynamic range. The SFDR of
the proposed architecture is 27.1 dBm. An excellent FOM of
-181.5 dB was achieved for the proposed neuromorphic BPF.
Table II summarizes the comparison between simulated results
of the proposed neuromorphic BPF architecture and measured
as well as simulated results of recent peer reviewed work for
BPF over various performance parameters.

IV. CONCLUSION

A neuromorphic bandpass filter with 75 MHz passband for
IF stage in a DSRC system of an autonomous car is realized. In
a standard 45 nm CMOS technology, the proposed neuron in-
spired R,,-C BPF consumes only 100.8 nW power for a supply
voltage of 0.5 V. For a 37.5 MHz center frequency, a passband
ripple of 1 dB is observed. Experimental results demonstrates
the stability of the system over various parameters. A monte
carlo simulation reveals the average input-referred noise is 130
nV,,s with a standard deviation of 25.9 nV,,s. A figure of
merit of -181.5 dB is reported for a dynamic range of 60 dB.
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TABLE II
COMPARISON OF FILTER PERFORMANCE PARAMETERS

Parameters This Work  [16] [17] [18] [19] [20]
Supply Voltage (V) 0.5 075 12 12 2.5 1.2
F. (MHz) 38 1000 70 80  4.1-20.4 20-100
1IP3 (dBm) 1.8 - 31.5 2 25 0
BW (MHz) 75 - 22 10 5 24-125
Passband Gain (dB) -1.71 1 0 2 0 0
Order 4 2 5 4 3 6
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Fig. 7. Output power spectrum for input dual tones of 35 MHz and 37.5 MHz
with -30 dBm P;,,.
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