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transconductor
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An ultra-low-power tunable bump circuit is presented. It incorporates a
novel wide-input-range tunable pseudo-differential transconductor
linearised using the drain resistances of saturated transistors.
Measurement results show that the transconductor has a 5 V differen-
tial input range with <20% of linearity error. The bump circuit demon-
strates tunability of the centre, width and height, consuming 18.9 nW
power from a 3 V supply, occupying 988 um? in a 0.13 um CMOS
process.

Introduction: Circuits with bell-shaped transfer functions are widely
used to provide similarity measures in analogue signal processing
systems such as pattern classifiers [1, 2], support vector machines [3]
and deep learning engines [4]. Such nonlinear radial basis functions
can be realised with the classic bump circuit [5]. However, the original
implementation lacks the ability to change the width of its transfer func-
tion. Variable width can be obtained by pre-scaling the input voltage
before connecting to the bump generator. The pre-scaling circuit using
multi-input floating gate transistors [1] or a digital-to-analogue converter
[3] consumes area and increase the power overhead. In [2, 6], the widths
of bump-like circuits are varied by switching binary-sized transistors,
but the number of possible widths is limited. A Gaussian function can
be directly synthesised by exponentiating the Euclidean distance [7],
but this approach can lead to a complex circuit and large area.

In this Letter, we propose implementing a bump circuit by preceding
the current correlator [5] with a tunable transconductor to achieve vari-
able width and height. The design of linear transconductors in subthresh-
old CMOS is challenging as the linear range of a conventional
differential pair diminishes with the gate overdrive, and reaches its
minimum in the subthreshold region [8]. Common linearisation tech-
niques such as source degeneration [8], bias offset [9], source coupling
[10] and the triode transconductor [11] become either less effective or
less practical due to the nano-amp biasing current and exponential trans-
fer function of the transistors. The novel transconductor proposed in this
Letter exploits the drain resistance of saturated transistors to obtain a
wide-input range and tunable transconductance. The pseudo-differential
structure allows operation with a low supply voltage.

Circuit design: The schematic of the proposed bump circuit with a
wide-input-range pseudo-differential transconductor is shown in
Fig. 1. In the subthreshold, the current correlator M5-10 [5] computes
a measure of the correlation of its two inputs (with a current scaling
factor of 4)
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The tunable transconductor (M1-M4 and Ij) converts the differential
inputs Vi, and Vi, to current outputs /,and /,. The input transistors M1
and M2 act as a source follower. In the subthreshold and assuming sat-
uration, their source voltages are given by

Vii,2 = &Vin,2 — UrIn (%) @
0

where k >~ 0.7 is the gate coupling factor, Ur ~ 26 mV is the thermal
voltage and [ is the pre-exponential current factor dependent on the
process and device dimension. In (2), the first term indicates a linear
relationship between Vi, 2 and Vj, ,, whereas the second term causes
nonlinearity. This nonlinearity is mild as it is in a logarithm term. M3
(M4) serves as the current source for follower M1 (M2); its gate
length is intentionally made smaller to exploit its channel length modu-
lation (CLM). With first-order approximation, the drain current in M3 is

Ip = Ipo(1 + A V1) 3)

where Ip =1y + 1, A is its CLM coefficient and I is the drain current
without CLM, which is equal for both M3 and M4. We utilise this
dependence of Ip on V; to implement a large-value resistor tunable
by current /. A common mode feedback circuit M11-M14 controls
the gates of M3 and M4 to provide the common mode rejection for
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the pseudo-differential structure and ensures that [;+1 =1
Combining this with (3), the output currents are
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Assuming a balanced input of Vi, + Viyp=2V.n, and that the second
term in (2) can be neglected, the transconductance is given by
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It can be seen that the transconductor is controlled by both 7 and /7.
The V., term in the & causes slight asymmetry in the bump transfer
function, which is tolerable in typical machine learning applications.
The pseudo-differential structure allows a wide differential input range
and the circuit can operate at a supply voltage as low as Vggs + 6Ur.

When Viy1 = Vi, I1=5=0.5]y and the maximum bump current
output (bump height) is given by Iy max = Iy With I fixed, changing
Iy varies the transconductance of the transconductor, and therefore
changes the width of the bump. As /, and I, are linearly related to the
input voltages, the shape of the bump output is quadratic

4
Lo =1 [AYVQLy + I (1 + AkVig (1 + AkVina) — Iy Iy + 1)
H
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Measurement results: The proposed bump circuit is fabricated in a
0.13 um CMOS process; thick oxide 10 FETs are used to extend
the Vpp, and therefore the input dynamic range. The active area
is 26 x 38 umz, as shown in Fig. 2. Biased at [y =Iy=1nA and
Vin1 = Vina, it consumes 6.3 nA current from a 3 V supply. The circuit
is functional with Vpp down to 0.5 V; however, the input range is
limited at such a low supply.

Fig. 2 Chip micrograph

Two identical bump circuits are instantiated, covered by metal filles in process;
layout view also shown
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Fig. 3 Transconductor output and normalised g,, (Iyy=0)

a Transconductor outputs
b Normalised g, (Iy=0)
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The transconductor outputs /;and [, are mirrored off chip by two
additional PMOSs at nodes a and b, omitted in Fig. 1. The differential
output currents with different 7 are plotted in Fig. 3a with /;=2 nA
and balanced input voltage with V,,=1.5V. The normalised g,
when 7y =0 is plotted in Fig. 3b, showing an input range of 5 V with
g error below 20%, covering almost the entire input common mode
range.
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Fig. 4 Measured bump transfer functions showing variable centre, width,
height

a Variable centre

b Variable width

¢ Variable height

Fig. 5 Measured 2D bump output with different widths on x and y dimensions

The nonlinearity can be attributed to the second term in (2), as well as
the second-order effects such as the dependence of A on Vpg. It is toler-
able in bump generator applications as the bump output itself is an
approximation of a highly nonlinear function [1-3, 5, 6]. The offset
of about 100 mV is due to the device mismatch and can be calibrated
out by utilising floating gate techniques such as that in [12].

The transfer functions of the bump circuit with regard to one input
Vino are plotted in Fig. 4, showing variable centre, width and height
by varyingVi,1, I and Iy, respectively. Fig. 4 also demonstrates that
the circuit works properly with unbalanced input.

The one-dimensional (1D) bump output can be extended to higher
dimensions to represent multivariate probability distribution by cascading
multiple bump circuits, i.e. connecting /,, of one circuit to the /;; input of
the next circuit. The measured 2D bump output is plotted in Fig. 5. Justas
in the 1D case, each dimension’s parameters are individually tunable.

To evaluate the computational throughput of the circuit, the step
response time is measured. With 7/ =/5=1nA, the output current
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95% settling time is 45 ps when the differential input steps from 0 to
1V.

Table 1summarises the measured performance of the proposed bump
circuit. Compared with other recently reported works, the proposed
circuit occupies smaller area and consumes significantly lower power.

Table 1: Performance summary and comparison

This work | [1] [6] 71

Technology (um) 0.13 0.5 0.13 0.18

Supply voltage (V) 3 33 1.2 0.7
Power 18.9nW |90 uW | 10.5 pW [ 485 nW

Area (um?) 988 3444 1050 —

Response time (us) 45 10 — 9.6

Simulation results

Conclusion: We present an ultra-low-power tunable bump circuit to
provide similarity measures in analogue signal processing. It incorpor-
ates a novel transconductor linearised using drain resistances of satu-
rated transistors. We show in the analysis that the proposed
transconductor can achieve tunable g, with a wide-input range.
Measurement results demonstrate a 5 V differential input range of the
transconductor with <20% linearity error and bump transfer functions
with tunable centre, width and height. We also demonstrate 2D bump
outputs by cascading two bump circuits on the same chip.

Acknowledgments: This work was supported by the NSF (grant CCF-
1218492) and DARPA (grant HR0011-13-2-016).

© The Institution of Engineering and Technology 2014

20 March 2014

doi: 10.1049/¢1.2014.0920

One or more of the Figures in this Letter are available in colour online.

Junjie Lu, Tan Yang, M.S. Jahan and J. Holleman (Department of
Electrical Engineering and Computer Science, The University of
Tennessee, 1520 Middle Drive, Knoxville, TN 37996, USA)

E-mail: jlu9@utk.edu

References

1 Peng, S., Hasler, P.E., and Anderson, D.V.: ‘An analog programmable
multidimensional radial basis function based classifier’, IEEE Trans.
Circuits Syst. I, Regul. Paps., 2007, 54, (10), pp. 2148-2158

2 Yamasaki, T., and Shibata, T.: ‘Analog soft-pattern-matching classifier
using floating-gate MOS technology’, [EEE Trans. Neural Netw., 2003,
14, (5), pp. 1257-1265

3 Kang, K., and Shibata, T.: ‘An on-chip-trainable Gaussian-kernel
analog support vector machine’, [EEE Trans. Circuits Syst. I, Regul.
Paps., 2010, 57, (7), pp. 1513-1524

4 Lu,J, Young, S., Arel, 1., and Holleman, J.: ‘A 1TOPS/W analog deep
machine learning engine with floating-gate storage in 0.13 pm CMOS’.
IEEE ISSCC Dig. Tech. Paps., San Francisco, CA, USA, February 2014

5 Delbruck, T.: “‘Bump’ circuits for computing similarity and dissimilar-
ity of analog voltages’. Proc. Int. Joint Conf. Neural Networks, Seattle,
WA, USA, July 1991, pp. 475479

6 Lee, K., Park, J., Kim, G., Hong, 1., and Yoo, H.-J.: ‘A multi-modal and
tunable radial-basis-function circuit with supply and temperature com-
pensation’. Proc. IEEE Int. Symp. Circuits Systems, Beijing, China,
May 2013, pp. 1608-1611

7 Li, F, Chang, C.-H., and Siek, L.: ‘A very low power 0.7 V subthresh-
old fully programmable Gaussian function generator’. Proc. Asia Pacific
Conf. Postgraduate Research in Microelectronics and Electronics,
Shanghai, China, September 2010, pp. 198-201

8 Furth, P.M., and Andreou, A.G.: ‘Linearised differential transcon-
ductors in subthreshold CMOS’, Electron. Lett., 1995, 31, (7),
pp. 545-547

9 Wang, Z., and Guggenbuhl, W.: ‘A voltage-controllable linear MOS
transconductor using bias offset technique’, [EEE J. Solid-State
Circuits, 1990, 25, (1), pp. 315-317

10 Nedungadi, A., and Viswanathan, T.R.: ‘Design of linear CMOS trans-
conductance elements’, IEEE Trans. Circuits Syst., 1984, 31, (10),
pp. 891-894

11 Pennock, J.L.: ‘CMOS triode transconductor for continuous-time active
integrated filters’, Electron. Lett., 1985, 21, (18), pp. 817-818

12 Lu, J., and Holleman, J.: ‘A floating-gate analog memory with bidirec-
tional sigmoid updates in a standard digital process’. Proc. IEEE Int.
Symp. Circuits Systems (ISCAS), May 2013, pp. 1600-1603

19th June 2014 Vol. 50 No. 13 pp. 921-923



