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ABSTRACT

In this Letter, we propose a novel current-mirror-based lossless integration stage. The proposed stage is derived from the lossy

integration counterpart by simply incorporating an additional DC current source. The unique offered contribution is the reduc-

tion of the circuit complexity in the resulting current-mode systems, where the introduced integrator is utilized. This is verified

through the performed comparison with the corresponding stage, which is already introduced in the literature. A multiple-

output biquad filter is designed using the proposed lossless integrator, and its performance is evaluated through the utilization

of the Cadence IC design suite.

1 | Introduction

Current-mirrors have relatively simple structures [1, 2], offering
reduced chip area, DC power dissipation and capability of high
frequency operation, due to the absence of the compensation
requirement [3-18]. The aforementioned benefits make them
suitable candidates for implementing current-mode signal pro-
cessing systems [19-27].

Although the implementation of a current-mirror-based lossy
integrator is easy, performed just by adding an external ca-
pacitor at the common-gate connection of the employed MOS
transistors, as it is shown in Figure 1a, this is not the case for
implementing a lossless integrator. More specifically, in addition
to the external capacitor, extra branches must be added; one of
them realizes the output current copying, while the other two
construct an extra current-mirror stage required for inverting
the copied output current and fed it back to the input terminal.
The resulting circuitry is depicted in Figure 1b. This solution

suffers from the following drawbacks: (a) increased circuit
complexity, (b) increased number of transistors that must be
matched, and (c) reduced maximum frequency of operation,
caused by the cascade connection of the extra current-mirror at
the output of the lossy integrator.

The aforementioned obstacles are overcome by the topology in-
troduced in this Letter. This is achieved by adding only one DC
current source in the core of the lossy integration stage, which
actually neutralizes the input resistance of the integrator, mak-
ing the stages to behave as a pure lossless integrator.

The Letter is organized as follows: the proposed topology is
presented in Section 2, where its performance is evaluated by
performing a study of the effect of nonidealities, and by post-
layout simulation results. A filter design example is presented in
Section 3, and the performance of the resulting structure is eval-
uated in both frequency-domain and time-domain. Section 4
concludes the main derivations of this work.
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2 | Proposed Lossless Integrator Realization
2.1 | Proposed Topology

Starting from the conventional implementation of a current-
mirror based lossy integrator which is depicted in Figure 1a, the
corresponding lossless integrator topology is demonstrated in
Figure 1b, where an extra current-mirror is utilized towards this
purpose [1, 2]. Assuming that the transistors M, and M, are
matched (i.e., &, nm1 = &mamz = &w)» the realized transfer func-
tions are

i 1
Hy(s)= 2 = , (1a)
! i, Ts+1
i 1
Hy(s)= 2 = -~ (1b)

in

respectively. The time constant in (1a)-(1b) is given by the for-
mula: z = C, /g,

The drawbacks of the topology in Figure 1b, mentioned in the
previous Section, can be overcome by the proposed structure in
Figure 2a, which is directly resulting from the lossy integrator

circuitry just by adding an extra DC current source. In this
way, the input current i;, feeds only the capacitor C; and is con-
verted into a voltage v;, = i;,/C;s. The transistor M, performs
the required voltage-to-current (V /I) conversion according to
the formula i,,, = g, yma20;s cOnsequently, the realized transfer
function is that in (1b) with the realized time constant given by
the formula: r = C, /g, pno-

2.2 | Effect of the Nonidealities

In order to study the effect of the nonidealities in the behavior
of the topology in Figure 2a, let us consider the small-signal
equivalent circuit depicted in Figure 2b. The resistances ry
and r, , represent the output resistances of the MOS transistors
which implement the required DC current sources of the input
branch. Assuming for simplicity that the condition g,,r; > >1is
valid, then the following general simplifications could be made:

(l/gm)//rds = 1/gm and 1/gm + Fas = Vg

Therefore

o =i rds,n//rds,p
" " (rds,n//rds,p)cls +1 ’
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FIGURE1 | Conventional implementation of current-mode (a) lossy integrator and (b) lossless integrator using current-mirrors.
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FIGURE2 | (a)Proposed implementation of a current-mode lossless integrator and (b) its associated small-signal-model containing MOS transis-

tors imperfections.
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Using (2) and the formula i,,, = g, 320, the resulting transfer
function becomes

gm,MnZ(rds,n//rds,p)

H(S) - (rds,n//rds,p)cls +1 ‘ (3)

According to (3), the topology behaves as a low-pass filter with
maximum gain equal to g, prn>(Vas,n/ /Tas p) and an extremely low
cut-off frequency given by the formula: w, = 1/(rys,,/ /745 p)Ci-

TABLE 1 |
topology and its conventional counterpart.

Performance comparison results between the proposed

Performance Conventional Proposed
factor (Figure 1b) (Figure2a)
Number of 10 5
transistors

Power dissipation ~ 5(Vpp — VoI,

Viu + Vbssa

(Vop = Vis) - o +Ig)
Minimum supply Vg + 2Vps sar
voltage
Minimum input
voltage

Viy Viu + Vpssat

Minimum output
voltage

VDS,sat VDS,sat

Matching YES NO

requirement

V - threshold voltage of MOS transistor
Vs sar Bate-overdrive voltage of MOS transistor
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FIGURE 3 |

phase (%)

In addition, the unity gain frequency of the integrator will be

given by
2
Smin2 4o 1 ) @
Cl gm,MnZ(rds,n//rds,p)

According to (4), the unity gain frequency becomes lower than
that which corresponds to the ideal case (i.e., g, 3,2/ C))> due to
the presence of the output resistance of the current sources in
the input branch.

With regards to the phase response, it becomes
arg H(w) = — tan™"[(rg,/ /T 4sp)C100]. 5)

Inspecting (4)-(5), it is readily obtained that in the case of ideal
current sources (i.e., 74,/ /¥4, = 00), the unity gain frequency
becomes equal to g, ,,»/C1, While the phase response is con-
stant and equal to — z /2.

As the I current sources are implemented using PMOS and
NMOS devices, which inherently have different mobilities, and
are assumed to be matched, the impact of current mismatch on
the performance of the proposed circuit will be that presence of
an offset current proportional to the mismatch between these
current sources.

2.3 | Performance comparison and evaluation

Assuming that each one of the DC current sources is implemented
by a MOS transistor, the performance comparison results between

100

501

no. of samples

90k 100k
frequency (Hz)

110k 120k 130k

no. of samples

-89.5
phase (°)

(b)

Evaluation of the performance of the proposed lossless integrator at post-layout level. (a) Gain and phase responses and (b) Monte

-89.0 -88.5

Carlo analysis histograms of the unity gain frequency (top) and the phase at this frequency (bottom).
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FIGURE4 | Functional block diagram (FBD) of a current-mode two-

integrator loop biquad filter.

47

FIGURE 5 | Implementation of the FBD in Figure 4, using the pro-

posed lossless integrator.
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the proposed topology in Figure 2a and its conventional counter-
part in Figure 1b are summarized in Table 1. From the provided
results, it is readily obtained the achieved reduction of the circuit
complexity and DC power dissipation. In addition, there is not
any matching requirement between the transistors M _; and M,
increasing the sensitivity performance of this topology. The fact
that the topology in Figure 1a can be easily derived from that in
Figure 2a, just by removing the lower DC current source, makes
it versatile and could be considered as an easily re-configurable
stage. The price paid for these achievements is the increased min-
imum supply voltage and input voltage requirements.

It must be mentioned at this point that the comparison is re-
stricted between Figures 1b and 2a, because they have an original-
improved relationship and, therefore, fair comparison results are
derived. There are enhanced current-mirror topologies in the lit-
erature, where performance factors such as the input/output im-
pedance have been improved, and the application of the presented
concept in these topologies is included in our future research plans.

The behavior of the proposed lossless integrator is evaluated
using the Cadence IC design suite and transistors models

B m
e o
o o AR

o

L,
e e N
T T e %
A

R Ty o Wy
e o P
S

N
e

% S
4%&] et

s

8,

o,
»>

FIGURE6 |

A I A A
i
e e e e

o
e A R A
e o e e .

Layout design of the biquad filter in Figure 5.
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provided by the AMS 0.35um CMOS process design kit. The uti-
lized bias scheme is Vj, = — Vg = 1.5V, while I =1 pA and
I, = 5.44 pA. The aspect ratio of the nMOS and pMOS transis-
tors are 1 pm/10 pm and 4 pm/10 pm, including those which are
employed for realizing the required DC current sources. The re-
sulting value of the transconductance of M, is g, y,» = 10.35
S; therefore, C; = 16.47 pF for achieving a unity-gain frequency
equal to 100 kHz.

The derived gain and phase responses of the integrator are
depicted in Figure 3a with the corresponding theoretically
predicted ones given by dashes. The simulated unity gain fre-
quency is 99.7 kHz, while the associated phase at this frequency
is —89.8°, close to the corresponding theoretical values. The sen-
sitivity performance of the stage is evaluated using the Monte
Carlo analysis tool, for N = 500 runs. The resulting statistical
histograms about the unity gain frequency and the phase at this
frequency, considering the effect of both the process parame-
ters variation and MOS transistors parameters mismatching,
are given in Figure 3b. The values of the standard deviation
of the considered performance factors are 9.2 kHz, and 0.2°,
respectively.

3 | Application Design Example

The proposed lossless integration stage could be utilized for im-
plementing a two-integrator loop multiple output current-mode
biquad, by employing the follow-the-leader-feedback (FLF)
scheme depicted in Figure 4. The resulting topology is demon-
strated in Figure 5, and the realized low-pass (LP) and band-
pass (BP) filter functions are respectively found as
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with 7, = C, /g, ymaand 7, = C, /g, vms being the time constants
realized by each one of the utilized integration stages.

The corresponding design equations are

L )

= = N
V7172 72

with w,, Q being the frequency and the quality factor of the
poles, respectively.

@

®

A Butterworth low-pass filter response is achieved forQ =1/ \/5
and, consequently, by employing the time constant of the de-
signed lossless integrator (i.e., 7, = 1.59 ps), the time constant
of the lossy integrator will be z; = 0.795 ps. The realized pole
frequency is f, = 141.6 kHz, and this is the cut-off frequency of
the LPF and the peak (center) frequency of the BPF. Both filters
have a maximum gain equal to 0 dB, and the bandwidth of the
BPF is BW = 200 kHz.

Considering equal transconductances of the transistors in the out-

put branches of both stages with a value of 10.35 ps, then the cal-
culated values of C; and C, are 8.23 pF and 16.46 pF, respectively.
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(b)

Post-layout simulation results of (a) the gain and phase responses of the LPF and BPF and (b) the Monte Carlo analysis results about

the cut-off frequency of the LPF (top) and the center frequency of the BPF (bottom).
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FIGURE 8 | Time-domain simulation results of the (a) LPF stimulated at its cut-off frequency and (b) BPF stimulated at its center frequency.

The layout design of the filter in Figure 5 is demonstrated in
Figure 6, where the dimensions are 189.1 pm X 219.45 pm.

The obtained post-layout gain and phase responses of the LPF
and BPF are depicted in Figure 7a. With regards to the LPF,
the simulated value of the cut-off frequency is 135.4 kHz. The
peak of the gain of the BPF is equal to 0 dB, and it is observed
at 138 kHz, while the simulated value of the BW of the BPF is
197.5 kHz.

The sensitivity performance of both outputs of the system is
evaluated by considering the changes of the cut-off frequency of
the LPF as well as of the peak frequency of the BPF. The result-
ing histograms of the Monte Carlo analysis are demonstrated
in Figure 7b, with the values of the standard deviation being
8.4 kHz and 10 kHz, respectively. Comparing them with the cor-
responding nominal values it is derived that the designed system
has reasonable sensitivity characteristics.

The time-domain behavior of the filters is evaluated by stim-
ulating the system with a 0.6 pA peak-to-peak sinusoidal sig-
nal at its pole frequency. The derived output waveforms are
demonstrated in Figure 8, where the obtained values of the
gain and phase difference are —3 dB and —86° for the LPF and
0 dB and 0° for the BPF, confirming their correct behavior in
the time-domain.

In addition, the linear performance of the LPF is evaluated
through a 10 kHz and variable amplitude stimulus. The Total
Harmonic Distortion (THD) becomes equal to 1% for an input
signal with rms value i;,, ,,,,, = 0.21 pA. Integrating the noise over
the pass-band of the LPF, the resulting rms value of the input-
referred noise is iy, ygise ms = 1.1214; consequently, the predicted
value of the dynamic range (DR) of the filter, calculated through
the formula: DR = 2010g(i;;, s/ iinnoise.rms )+ 1S 45.5 dB. The power
dissipation of the system is 146.1 pW.

4 | Conclusions

The utilization of the introduced lossless integrator for design-
ing current-mode filters leads to more economical solutions
than those derived by employing the conventional design,
where the lossless integration stage is realized using an extra

output branch and an extra current-mirror. This is because the
simple lossy integrator stage is reconfigured in such a way that
only one DC current source is added. The provided post-layout
simulation results validate the proposed concept and the de-
rived frequency and time-domain results are very promising,
making this stage an attractive candidate for implementing
simple high performance analog signal processing systems.
Future research steps include the utilization of the proposed
integrator stage in various applications, such as the realization
of oscillators, biomedical signal processing systems, and in con-
trol systems.
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