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Abstract—This paper presents a novel sensor front-end circuit
that addresses the issues of 1/ f noise and distortion in a unique
way by using canceling techniques. The proposed front-end is a
fully differential transimpedance amplifier (TIA) targeted for cur-
rent mode electrochemical biosensing applications. In this paper,
we discuss the architecture of this canceling based front-end and
the optimization methods followed for achieving low noise, low dis-
tortion performance at minimum current consumption are pre-
sented. To validate the employed canceling based front-end, it has
been realized in a 0.18 ym CMOS process and the characteriza-
tion results are presented. The front-end has also been tested as
part of a complete wireless sensing system and the cyclic voltam-
metry (CV) test results from electrochemical sensors are provided.
Overall current consumption in the front-end is 50 A while op-
erating on a 1.8 V supply.

Index Terms—1 /f noise, chopping, current mode electrochem-
ical biosensor, distortion canceling, low noise, low power, noise
canceling, strong inversion, transimpedance front-end (read-out),
weak inversion.

1. INTRODUCTION

RONT-ENDS used in current mode biosensing applica-
F tions [1]-[6] are typically required to detect signals with a
wide dynamic range (DR) which normally extends from as low
as pA’sto A’s or more. In order to detect such signals with low
current levels, 1/f noise is the main limiting factor and this is
usually rejected using conventional techniques [7] like auto-ze-
roing, which has been previously applied [8], [9] to biosensor
front-ends and chopper stabilization, which has been widely ap-
plied to voltage mode sensor front-ends like ECG, EEG based
signal acquisition systems [10], [11] and many other low fre-
quency sensor applications [12].
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But in addition to the above 1/f noise limitation, there is also
the limitation of distortion in the front-end. Here distortion as-
sumes significance mainly because of the wide DR, the direct
trade-off between current consumption-distortion arising from
the current mode nature of the inputs and the linearity required
being 1% or less typically. But as before, distortion is also min-
imized and common techniques like negative feedback [8] and
log domain compression [13] have been employed previously.

However in addition to the above mentioned techniques, there
is also the technique of canceling which can be used to reject
both of them simultaneously [14]. The canceling technique for
minimizing front-end non-idealities has been introduced as re-
cently as 2001 [15] and it has been previously applied to wide-
band LNA’s in [16], [17] for canceling the input stage thermal
noise (partially) and distortion.

The current work is based on this canceling technique where
it has been taken advantage of to minimize both 1/f noise and
distortion, and eventually a low power biosensor front-end is re-
alized employing canceling techniques. The front-end thus real-
ized is targeted for a personalized patient treatment system em-
ploying electrochemical sensors for biomolecule detection but
it can also be applied to other current mode sensing applica-
tions. In this paper, this canceling based front-end circuit is pre-
sented in detail and is organized as follows. In Sections II-VI,
a detailed description of the individual blocks in the front-end
namely the common gate TIA, the noise canceling TIA, the
noise canceling chopper stabilized (NCCS) [14] amplifier and
the capacitively coupled (CC) amplifier are presented. Later in
Section VII, the circuit design details are given followed by a
discussion of the measurements results. Finally in Section VIII,
a comparison of achieved performance with the other existing
works is provided and conclusions are drawn.

II. CoMmMON GATE (CG) TIA

Among the current mode input front-ends, the simplest one is
the CG stage to which the canceling technique is applied in this
work. Nevertheless it needs to be mentioned that this technique
is not limited to the CG stage alone but it can be applied to
other circuit topologies as well including opamp based front-
ends [15], [16]. The intent of this work however is not to go into
the individual details of each of them but to use the CG stage
and apply canceling to see how 1/ f noise and distortion can be
minimized.

The schematic of the CG stage along with its small signal
model is shown in Fig. 1. From Fig. 1(b), assuming the gate and
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Fig. 1. (a) CG TIA. (b) Model of CG TIA.

the bulk potentials of M., are constant, the instantaneous output
voltage for an input current I;,, is given by

A‘/cg = (Il,cg + Inl,cg)ch (1)

where I; ., and I, ., refer to the linear and the non-linear (dis-
tortion) currents respectively. In (1), we have ignored the noise
contributions for the sake of simplicity but they are included
later. The above two factors Ij .4 and I,,; 4 can be derived ana-
lytically using the ideal MOS Id — Vgs equation whose deriva-
tion is given in appendix A. Accordingly AV,, can be rewritten
as

AI/vcg = (allin - a2Ii2n)ch (2)

where a1 = kqeg/(kaeg + 1), a2 = 1/(21.gkaeq) for M., in
weak inversion (WI) (reason for WI biasing given below) and
the factor kgeq = Gms,cqfls is the degeneration factor with
Grs,cg = leg /Ut being the source transconductance. For most
practical cases, kqeq > 1 and hence a; ~ 1. From (2), the
transimpedance R, ., is given by

|AVe|
[in]

Roeqg = =Ry = Rey. 3)
Note that this transimpedance factor I2,, ., can also be derived
directly from Fig. 1(b) in a straightforward manner knowing
that the input impedance R;,, = R./(1 + kqe,) which then
leads to I; .y = (Guus,cgRin)Iin = @11;, and hence R,,, ., =
OélRCg ~ ch.

Harmonic distortion of the CG stage can also be derived from
(2) which is given by

Iin
o] ;o Tim )

HD cg = 57 1 1lin
297 Doy | ATy kdeq

where one can see distortion being inversely related to the bias
current /., at a constant kqe4 thereby implying a current-distor-
tion trade-off. Accordingly, if M., were to be biased in weak
inversion (WI), the required bias current will be lower than in
strong inversion (SI) because of the higher current efficiency
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(G /T ratio) but with the penalty of higher distortion. Simi-
larly the contrary is true for SI biasing of M.,. The result of this
trade-off is distortion limits the minimum achievable current
consumption in the CG stage. Here in this work, this trade-off
is relaxed by using canceling technique such that M., can be
biased in WI itself for low power consumption as explained in
the next section.

Next considering the noise contributions alone, the input (I/P)
referred current noise power spectral density (PSD) is given by

o T (L RZ, N VGmeg By [, 4 Jrcy
n,cg ermcg cg Rs (1 + kdeg)2 |f|
4kT Rc rme c Rc fk c
— 1 g »C9 g 1 »C9
a%ch < " R " (1+ Kaeg)? [ " | f] :|>
4kT

) ’ycg
o Reg

(&)

where v ~ n.6 with 6 ~ 1/2 for M., in WI, f; ., being the
corner frequency of M., and 7., being the total excess noise
factor [14]. The dominant noise term in (5) is that of the 1/f
noise of M., even in the presence of degeneration and it is also
the main factor that limits the sensitivity of the CG stage. This
limitation is overcome in this work in the same way as distortion
by way of using the canceling technique and 1/ f noise of M.,
(along with its thermal noise) is also rejected.

Hence neglecting the noise contribution (both thermal and
1/f) of M., for the above reason, the resulting I/P noise PSD
is given by

Sn,(‘g,in =

WD KT (R ©
2R, "~ Re, R,

where o ~ 1 is assumed and ., = (1 + R.4/R;). From (6),
the I/P noise without the noise of M., is limited by thermal noise
of R.4, R (thankfully they do not ideally generate 1/ f noise)
whose resistance values are restricted by the voltage headroom
constraints for a given I.4. This constraint also implies if M.,
were to be biased in WI, then the lower current level will provide
the additional freedom to maximize R.g4, R, resulting in lower
input noise. This is an added advantage of WI biasing in the CG
stage.

III. NoISE CANCELING TIA (CG-CS STAGE)

The noise canceling TIA (shown in Fig. 2) which is based on
the noise canceling LNA of [17] is nothing but a CG TIA with
an auxiliary common source (CS) stage added in parallel. The
addition of the CS stage helps to cancel the non-idealities of the
input stage M., under certain matching conditions.

The matching condition for cancelation can be derived from
the instantaneous output voltage which is given by

A‘/cgcs = A‘/cg - AVcs
chkdeg +Gm,csRcsRs

= I’L'n +In s
( ’ ) kdeg +1
- Ind,cg [ch _Gm,csRcsRs]+(In,TCS +Ind,cs)Rcs

+In,'rcg ch
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Fig. 2. (a) Noise canceling TIA. (b) Model of noise canceling TIA.

@)
In (7), if the condition R,y = G, ¢s Rcs R or equivalently
Ry
= Gm (',CR(',S 8
i Ly (®)

gets satisfied, then the effective gain (transfer function) for the
non-ideal current I,,4,., gets nulled as seen from (7) and this
property can be used to reject noise (1/ f and thermal), distortion
of M.,. Under the above matched condition, the CG transistor
M. 4 behaves as a transconductor which is ideally noise-less and
distortion-less but still detecting input currents.

However even if M., behaves ideally, the CS stage is still
non-ideal which adds noise and distortion [given by 5,4 ¢ in
Fig. 2(b)] that do not get canceled. Now in order for the can-
celing stage to be advantageous over a CG stage alone, these
nonidealities also need to be minimized eventually without sac-
rificing greatly on power consumption which is discussed next.

Under the canceling condition, the instantaneous output
voltage AV,,.s reduces to

A‘/(‘g(‘s = IinR(‘g + (In,,rs + In,rcg)ch
+(In,rcs + Ind,cs)-Rcs- (9)

The transimpedance I2,, c4cs from (9) is given by

|AVeges|
Rm,cgcs == = ch

10

which is higher by a small factor (kgeg + 1)/kgeq than Ry, cq.
This is because the auxiliary CS stage gain is constructive for
the signal I;,, but destructive for the non-idealities I, 4,4.

From (9) the non-linear output of the canceling stage ig-
noring the noise contributions is given by (derivation given in
appendix B)

A‘/cgcs - (611117 + HQIq?n,)RCg (1 1)

where §; = 1 and 05 = UFAIW/(ZI(ﬁ,‘(][Vg,(a,S — VT()]kdeg) with Ur
being the thermal voltage. Here M. is biased in SI and the con-
sequence of this is shown later while comparing the distortion

coefficients between the two stages. The harmonic distortion of
the canceling stage as derived from (11) is given by

02

Lin Ur
4ICg kdeg Vg,cs -

HDZ,cgcs = (12)

Vro
which is similar to (4) except for the factor Ur/(Vy,cs — Vo).
Considering next the noise contributions, we see from (9)
while the noise of M., is canceled under the matching condi-
tion, the noise due to R4, R, are not canceled and moreover
there is the additional noise coming from the CS stage. Including
only the noise sources that remain subsequent to canceling, the
I/P noise PSD of the canceling stage is given by

4kT ’YRc fk.cs
Sn cges,in — 1 ¥ .
e ( " T G2 1] )

Reqy

(13)
where v = n.6 with § = 2/3 for M., in SI, fi s being the
corner frequency of M. Comparing (5) and (13), it is obvious
that 1/ f noise of M., is now replaced by 1/f noise of M,
which is equally dominant. But then this 1/ f noise is not a major
concern as it can be removed by chopping the CS stage as ex-
plained in Section VI below. Hence under the assumption of
chopping for the CS stage, its 1/ noise can therefore be ne-
glected and the I/P noise PSD in (13) reduces to

— 4prXooes

wr (g
ch Teg Gm,csRs ch

where 7.4, is the excess noise factor of the canceling stage.

Reg v+
Rs Gm,csRs

(14)

Sn,cgcs,in =

IV. NOISE-DISTORTION COMPARISON

From the above derived excess noise factors and distortion
coefficients for both the CG and the CG-CS stages, a noise-dis-
tortion comparison in relation to the current consumption is car-
ried out next. The conditions chosen for the comparison between
the two stages are such that the CG parameters ., and I.., are
identical in both the stages while M, is assumed to be in WI
(for reasons mentioned in Section II). V; s — Vg is swept by
varying R and R, is chosen such that the canceling condition
given by (8) is always satisfied. Since the current I, is chosen
to be identical in both the stages, the CS stage consumes addi-
tional current /., whose magnitude in relation to I.., is chosen
optimally from the below noise comparison.

A. Distortion

Using the distortion coefficients given in (4) and (12), relative
distortion between the two stages is calculated as

D= HDZ,cgcs _ UT
B HD2,cg B ‘/g,cs -

. (15)
Vro

For a large V, .s — Vo (or equivalently M., in SI), D < 1
and the canceling stage generates lower distortion than the CG
stage alone. In Fig. 3, the factor D is plotted as a function of
Vy,es — Vo along with the overall THD ratio as calculated from
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Fig. 3. Noise-Linearity comparison of the CG and the CGCS stages showing
the effect of decreasing distortion in the CGCS stage for increasing Vg .s — Vo
and the excess thermal noise, the excess current required for achieving it. The
graph is plotted for values of R., = 60 k2, I., = 17 pA.

the continuous WI-SI ideal MOS equation I4s = Igpec-[In(1 +
e)]? [19]. As evident from both the plots, for M., in SI, the
factor of reduction in distortion is significantly lower which is
proportional to V, .. — Vo whereas for M., closer to WI, it
gradually decreases and eventually becomes negligible since its
distortion is now nearly the same as that of the independent CG
stage in WL

B. Noise

For noise comparison, the excess noise factors g, Veges are
used and their ratio v.4cs/vVcq is plotted in Fig. 3 ! for different
values of .. From this plot, the current /. required to mini-
mize the excess thermal noise is chosen.

From the plot, for I.; ~ I.4, it can be seen that the excess
noise is nearly negligible but the overall current consumption
in the canceling stage is nearly twice compared to the CG stage
alone. On the other hand, for I., < I, the current overhead
is now negligible but the excess thermal noise is significant.
Alternatively in the region I.; < .51, it can be seen that the
excess noise is only slightly higher and also the excess current
is only 50% more or less. The above observation leads to the
conclusion that, choosing I.; ~ 0.5I., is sufficient and also
optimal for the canceling stage which ensures both the excess
noise and the excess current are only marginally higher.

The overall conclusion of the above noise-distortion compar-
ison is, a CG-CS stage under the matched cancelation condi-
tion and WI-SI biasing respectively achieves a lower distortion
compared to an independent CG stage in WI. Particularly the
distortion level in the CG-CS stage is lower by a factor nearly
(Vy.es — Viro)/Ur (without considering second order effects)

I'While evaluating 7., and 7y.4.s, only the thermal noise contributions are
included as we are mainly interested in optimizing the excess thermal noise-
excess current in the canceling stage for now. Effect of 1/f noise of M., is
considered separately in Section VI.
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while the excess current and the excess noise are only margin-
ally higher (50% more or less). This improvement can also be
viewed alternatively as, the current consumption required in a
CG-CS stage for the same distortion performance is only lower
in relation to an CG stage (from (4) and (12) for a constant kg ).
Hence a CG-CS stage is either capable of achieving a lower
distortion performance or a lower current consumption in re-
lation to an CG stage thanks to both the distortion cancelation
property inherent to the canceling technique and the employed
WI-SI biasing method. Between the two, distortion canceling is
responsible for decoupling the current consumption-distortion
requirement and relaxing the current-distortion trade-off while
the WI-SI biasing is responsible for achieving an improved per-
formance.

By virtue of the above relative advantage of the noise can-
celing TIA over a CG TIA, the former is used as the first gain
stage of the biosensor front-end in this work. Here it needs to be
mentioned further that this advantage not only holds for the can-
celing stage alone but also holds good even after the CS stage
is chopped in order to remove its 1/ f noise. With this chopping
included, the canceling stage will then have the added advan-
tage of lower noise too compared to the CG stage.

V. ROBUSTNESS OF CANCELING

In the analysis done above for the canceling TIA, it was
assumed that the canceling condition is satisfied ideally
(Reg /Rs = G cs Res) and the impact of parameter variations
were neglected. But in practice, the canceling accuracy will
be limited by the degree to which the canceling condition
(Reg/Rs = G esRes) is satisfied which in turn depends on
process and temperature variations. In order to control the
parameter variations due to variations in process, temperature
etc., and ensure a certain degree of cancelation, a suitable
biasing circuitry will be needed which is discussed next.

The biasing circuitry for the canceling stage is shown in
Fig. 4. From a PTAT reference current I, f, V; is first generated
by using a stack of diode connected transistors M; and M>
with My mirroring M., and M, mirroring M., respectively.
The bias V4 sets the current I, in the CG stage in such a way
that V, s — Vo is held nearly constant and the current .,
always mirrors I,..s. Since I.s always mirrors I,.. ¢, this implies
G cs is nearly constant for a constant PTAT reference /,¢y.
Note that any parameter variations in R do not greatly impact
1. thanks to the feedback effect and the resistor degeneration
which ensure V, .; = I.4 R, remains nearly constant. Now for
a given current [, the replica CS stage generates the required
bias voltage V,..s for M, s to be biased in the linear region.
Implementing R.s as shown using a linear region MOS ensures
R.s tracks process and temperature variations and also gives
the additional flexibility in terms of tuning if needed.

Apart from controlling the parameter variations in G, s and
R, variations in 1., and R also need to be controlled. But this
can be easily achieved by choosing the same unit resistance for
both of them which ensures the ratio R.,/R, remains constant
always.

The achievable rejection in the canceling stage with this bi-
asing circuitry is evaluated using Monte Carlo simulations and



This article has been accepted for inclusion in a future issue of thisjournal. Content is final as presented, with the exception of pagination.

BALASUBRAMANIAN et al.: A 0.18 pm BIOSENSOR FRONT-END

R
I I Linear
“ Y Region
lef Ry M P—Vm‘ﬁ Ms RS
V ""_‘Vcs
oges.
V
My ] M [ M
Iy A
M, e, | M|
RS%E Rséz
S
CG biasing CG-CS Stage Replica CG-CS
biasing stage

Fig. 4. Schematic of canceling stage with biasing circuitry.
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Fig.5. Achievable rejection in the canceling stage evaluated using Monte Carlo
simulations for the circuit shown in Fig. 4.

the results are shown in Fig. 5. The rejection factor for the CG
non-idealities is calculated in Fig. 5 as

Achgcs

. 1
AV, (16)

p=
From Fig. 5, we see that for 1o deviation, the rejection is nearly
—30 dB and the worst case rejection is nearly —20 dB. To have
an idea of whether this rejection is sufficient or not, a condi-
tion for the minimum required rejection performance needs to
be defined which is given below for both 1/ f noise and distor-
tion. For 1/ f noise reduction, the minimum required rejection is
given by the condition that the required corner frequency of the
canceling stage subsequent to canceling ( f;,) (here again we ne-
glect the 1/ f noise effects of M. temporarily) is less than the
corner frequency of the CG stage alone fi. Equivalently, this
can be expressed as p < f;./ fi.. Similarly for the case of distor-
tion, the minimum required rejection is given by the condition
that the harmonic distortion of the CG stage subsequent to can-
celation (pH D5 .4) has to be less than the harmonic distortion

of the CS stage H D> .q.,. Equivalently, this can be expressed
as p < D.

As a numerical example, if we consider a V .s — Vg =
200 mV sufficient to keep M, in SI, then the factor D as given
by (15) is —18 dB. This implies the minimum required rejection
performance in the canceling stage has to be less than —18 dB
for the distortion of the CG stage to remain negligible and for
the eventual distortion to be solely determined by the CS stage
alone. From Fig. 5, for 1o variation, the rejection is well below
the limit and it easily satisfies the requirement condition. If 3o
variation is considered, we can see the rejection p is a bit more
than D and as a result the overall THD will be approximately
3 dB higher. Although the overall THD increases for the 3o
condition, this amount of rejection is however sufficient as the
overall distortion is anyway lower compared to the CG distor-
tion by nearly 15 dB.

Hence, by using a biasing circuitry as proposed or by using
other suitable biasing schemes, the effectiveness of the cance-
lation technique can be ensured even for process, temperature
variations. In such a case, the achievable rejection is eventually
limited only by matching.

VI. SENSOR FRONT-END

In [14], a front-end utilizing the canceling stage was pre-
sented but it was limited to only the first gain stage. Below
we improve upon the circuit presented in [14] and a complete
two stage sensor front-end architecture based on canceling tech-
niques is presented.

A. Noise Canceling Chopper Stabilized (NCCS) Amplifier

In the noise analysis done previously for the canceling stage,
the effect of 1/ f noise of the CS stage was not considered for
the sake of simplicity. However this 1/f noise is as dominant
as the 1/ f noise of M., and in its presence, the canceling stage
used independently is no better than the CG stage alone. To
overcome this limitation, the CS stage is chopped as shown in
Fig. 6 (biasing not included) which then ensures its 1/ f noise
is also rejected apart from 1/ f noise of M., that gets rejected
by canceling. The resulting noise performance is then limited
mainly by thermal noise alone with the input noise PSD under
the matched condition given by

8kT

R_(,g <'—chcs + .8525

fk,cs ’Ych
f(',hop Gm,(‘sR% (17)

where f.h0p is the chopping frequency. For fi s < fehop, only
the residual 1/ f noise of the CS stage remains as given by the
second term in the above equation which is only negligible in
comparison to other factors.

The above topology which uses a combination of the can-
celing and the chopping techniques to reject the different 1/ f
noise sources is referred as the NCCS amplifier. It is basically
a pseudo-differential version of the canceling stage with two
identical CG-CS stages but with the the addition of chopping
to the CS stage. This NCCS stage is similar to the chopper sta-
bilized CG TIA in the fact that both reject 1/ f noise and achieve
low noise performance. But then the difference is although the
chopped CG TIA offers low noise performance, it however does

Sn,nccs =
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Fig. 6. Schematic of NCCS transimpedance amplifier.
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Fig.7. Block diagram of the NCCS amplifier along with the second gain stage.

(Dechopping of the NCCS outputs is shifted to the output of the second gain
stage for low frequency noise rejection in the second stage.)

not have the combined low power-low distortion advantage of
the NCCS amplifier and further its minimum achievable input
impedance (R;,,) is limited by the chopper switch resistances.
In the NCCS amplifier, this is however not the case since the
chopper switches are only present at the CS inputs and hence
do not greatly impact R;,.

B. Capacitively Coupled (CC) Amplifier

Before feeding the outputs of the NCCS amplifier to the
sensor interface back-end stages like the A/D converter, a
second stage is required for additional gain and also to perform
the difference operation in order to complete the canceling.
In Fig. 7 which is a simplified block diagram of the two
stage front-end, the second stage connected in a cross-coupled
configuration is shown. In the current work, this second stage
is implemented using a capacitively coupled amplifier [20]
(schematic shown in Fig. 8) which gives better canceling
accuracy by virtue of its good gain matching characteristics. A
resistive feedback gain stage is also a suitable option here for
the second gain stage but then it was not preferred because it
generates additional thermal noise due to the resistors and also
presents an added loading effect on the CG and CS outputs
which affect the canceling accuracy. But on the other hand
a disadvantage of CC stage is its additional distortion due to
non-linear MOS-bipolar pseudo-resistor devices. Nevertheless
this distortion will not be of major concern here as the signals
will be chopped at the input of the CC stage as explained next.

In the block diagram shown for the front-end in Fig. 7, it can
be seen that the chopping configuration is modified such that
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the dechopping of the NCCS outputs is now not performed at
the CS outputs like mentioned in [14] but it is rather shifted
to the output of the second stage. This is primarily done to en-
sure the dominant low frequency noise contributors in the CC
stage namely 1/ f noise of the OTA and the thermal noise of the
pseudo-resistors also get upconverted in addition to 1/ f noise of
M., thereby avoiding any degradation in overall front-end noise
performance. As a result of shifting dechopping to the output of
the CC stage, chopping is now added to the CG stage outputs
for proper operation.

In this chopping configuration, any distortion added in the
CC stage can be easily filtered prior to dechopping by using a
low-pass filter whose cutoff frequency is such that it is less than
twice the chopping frequency.

C. Front-End

The circuit schematic of the entire two-stage fully differen-
tial biosensor front-end based on canceling and chopping tech-
niques is shown in Fig. 8. The transimpedance I2,, ¢, of the en-
tire front-end is R.,C;,/Cjs. Its overall distortion in the pres-
ence of canceling is determined by the CS, CC stages as the
distortion of the CG stage gets canceled. Similarly its noise per-
formance with noise canceling and chopping enabled is mainly
limited by thermal noise and the overall I/P noise PSD under the
matched condition is given by [7]

Rl (27chhopain)2 +

8525 [YRog fies
.fchop GM,CSRE

2
Cy
1 v (Cm) ‘|

8kT 2
Sn,fe = R— Veges + R—

cg cg

Gm,ota

27fk ota
’ 18
* chGm,ota:| ) ( )

where [, oo is the 1/ f corner frequency of the the OTA input
pair and C} is the total capacitance including the parasitics at the
OTA input node. The overall I/P noise as given by (18) is gov-
erned by the thermal noise contribution of the canceling stage
(Yeges) and apart from that it also includes other noise contri-
butions namely the upconverted thermal noise of the pseudo-re-
sistor after referring it to the input (second term), thermal noise
of the OTA input pair (third term) and the residual 1/ f noise of
the CS stage, OTA as given by the last two terms respectively.

The common mode rejection ratio (CMRR) in this front-end
is determined by the mismatches in the CG, CS and the CC
stages. Among the different stage mismatches, the ones in the
CS, CC stages do no greatly impact the CMRR as they will get
upconverted due to chopping and only the mismatches in the
CG stage are important. The resulting CMRR is then given by
(derivation given in appendix C)

ch-,p — ch,m

CMRR = )
ch,p + ch,m /

19)
which as seen above is limited by mismatches in R., only
while even the mismatches in M.,, R, do not greatly impact
the CMRR for kqcq > 1.

In an actual biosensing application, the usefulness of the
CMRR lies in rejecting the common-mode non-idealities of the
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Fig. 9. Photograph of the integrated front-end.

biosensor which is achieved by detecting the reference (buffer)
current in addition to the signal current [21].

VII. CIRCUIT DESIGN AND MEASUREMENT RESULTS

The presented front-end is validated in a 0.18 pm CMOS
process and the die photo is shown in Fig. 9. The active circuit
area is 350 pmx 500 pm.

In the NCCS amplifier, the CG stage is biased close to WI for
low power consumption and the CS stage is biased close to SI
(Vg ,cs —Vro =~ 150 mV) for low distortion. The bias current /..,
is chosen to have an input impedance R;,, of nearly 2 k{2 which
is less than the impedance of the microelectrodes (order of tens
of k€2 or more). The bias current /., is chosen to be a fraction of
1.4 sufficient enough to keep the thermal noise of the CS stage
only a fraction of the CG stage thermal noise. Accordingly, /.
is chosen nearly 3 times smaller than I, and this gives an ex-
cess thermal noise of nearly 30% for Vg cs — Vg = 150 mV
as seen from Fig. 3. R, is chosen as 60 k) to maximize the
transimpedance in the NCCS stage. The linear region PMOS
transistor which sets R is sized to satisfy the canceling condi-
tion nominally. Sizing of M. is done so as to ensure its corner
frequency f . is less than the chopping frequency (chosen as
4 kHz) to minimize the residual white noise due to 1/f noise
folding [7]. Sizing of M., need not be large enough to satisfy
the condition fi g < fenop as its 1/f noise is rejected by can-
celing. The bias voltages V;, and V.., in this chip are set exter-
nally instead of setting them using the biasing circuitry. This
gives us experimental flexibility and also allows for a full char-
acterization of the front-end.

In the CC gain stage, a single stage differential pair OTA with
PMOS inputs is employed with its input transistors in WI to
minimize its thermal noise and power consumption. Similar to
the CS stage, the bias current of the CC stage is chosen to be
a fraction of the CG stage sufficient enough to keep its thermal
noise less than that of the CG stage. The CC amplifier is imple-
mented as a variable gain stage with four different gain settings
and the gain is varied through digital selection of the input ca-
pacitance C;,. The unit capacitance of C', is chosen as 2.5 pF
and this gives a fairly low cut-off frequency at the input of the
CC stage. All the chopper switches used in the design are NMOS
switches and they are sized minimally for decreasing the clock
feedthrough and the charge injection effects. Different clock
phases required for the choppers are generated on-chip from an
external 4 kHz clock signal.

A. Front-End Characterization

Measurements were carried out using Agilent Spectrum An-
alyzer E4440A. Before feeding the CC amplifier outputs to the
spectrum analyzer, an external buffer is used for differential to
single ended conversion of the CC outputs. The noise floor of
this external buffer measured independently is lower than the
output noise of the front-end.

Transimpedance of the front-end is measured for four dif-
ferent gain settings in the CC amplifier and the achieved DC
gains are given in Table I. Canceling property in the front-end
is evaluated first by injecting a single tone voltage signal at
the gate of one of the CG transistors (this is equivalent to the
non-ideal currents generated in M.,) and the control voltage
V,.cs 1s varied. The front-end outputs are measured for two cases
namely, with and without canceling. In the presence of can-
celing, the CS stage is active and hence based on the degree of
matching of condition (8), the applied signal gets rejected. In the
absence of canceling, the CS stage is disabled and only the CG
stage along with the CC stage is active and there is no rejection
for the applied signal. Fig. 10 shows a plot of the measured re-
jection as a function of V,..s with the rejection being calculated
as

_ Ve
|chc,2|

P1 (20)
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TABLE 1
SUMMARY OF MEASURED FRONT-END PERFORMANCE
Supply Voltage 1.8V
Total Current Consumption 50 pA
CGaifr 34 pA
CSqif 10 pA
CCtot 6 uA

150 K€, 292 KQ,
426 KQ, 550 KQ

DC Transimpedance Gain Ry, ;e
(CC gain setting=2.5, 5, 7.5, 10)

I/P Ref. Noise PSD 1.6 pA/VHz
RMS I/P Noise Canceling, Chopping 22 pA
Current (100 Hz BW) CG Only 62 pA
w/o Canceling, Chopping 132 pA
THD @ 1 uA Input, Canceling -55 dB
Min Gain No Canceling -38 dB
0
-2
0 0\0\\ |
c -40 \
S
cm {
o3
©
© -60
-80 +
-100
0.35 0.375 0.4 0.425 0.45 0.475
Control Voltage
(Vres)

Fig. 10. Measured rejection as a function of the control voltage V..., for a
single tone (28 Hz) voltage signal injected at the gate terminal of the CG stage
to evaluate the canceling property in the front-end.

where V. 1, Ve 2 are the respective CC amplifier outputs with
and without canceling. From the plot shown in Fig. 10, max-
imum rejection achieved is nearly —80 dB for which the can-
celing condition is satisfied with a greater accuracy. On either
side of this point, rejection degrades which is due to inaccurate
canceling owing to deviation from the canceling condition.

In Fig. 11, the spectral rejection plot at a constant V.., is
shown. With canceling being active, rejection of the funda-
mental and the third harmonic is clearly evident. In the case
of the second harmonic however, the magnitude is higher than
for the case of without canceling which is due to the fact that
the CS or the CC stage dominates the second harmonic after
cancelation.

Fig. 12 shows the plot of the measured input referred noise
density in the overall front-end with and without 1/ f noise re-
jection techniques. As evident from the noise plot, the effect of
1/ f noise is minimized in the presence of canceling and chop-
ping. Also the low frequency noise floor is dominated mostly
by thermal noise except for the residual 1/f noise which is
due to mismatches in the cancelation condition and the limited
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Fig. 11. Output spectrum showing the rejection for a single tone (28 Hz)
voltage signal injected at the gate terminal of the CG stage in the presence of
canceling.

canceling accuracy. This residual 1/f noise is however not a
major concern as anyway the input referred RMS noise current
with canceling, chopping active is lower by at least three times
in comparison to the other two cases as seen from the corre-
sponding values given in Table I.

In the inset of the noise plot, the thermal noise floor for the
three different cases are shown for higher frequencies alone. The
slight increase in thermal noise with canceling and chopping
active can be seen which is attributed to the excess thermal noise
contribution of the CS and CC stages. Also evident in the plot
for the case of canceling, chopping is the upconverted noise of
all the low frequency dominant noise sources in the front-end.
The noise floor for the case of without canceling, chopping is
seen decreasing in the plot because of the filtering effect caused
by the output parasitics.

The input referred current noise density in the overall
front-end with canceling and chopping active is measured to
be 1.6 pA /v/Hz which closely matches with the simulated/ex-
pected value of 1.8 pA/v/Hz.

Next distortion in the front-end is characterized with and
without canceling for a single tone input current I;,, of 1 puA
and with the gain being set to minimum in the CC stage. The
plot in Fig. 13 shows the normalized output spectrum where
the property of distortion canceling is evident as seen from the
attenuation of both the 2" and the 3" harmonic distortion
components when canceling is active. The observed distortion
levels subsequent to the cancelation of the CG distortion corre-
spond to the effective distortion of the CS, CC stages. Further
it can also be noticed that due to distortion canceling, only the
harmonic distortion components are attenuated whereas the
fundamental component is not attenuated which is because the
CS stage cancels only the distortion of M., but not the input
signal itself and instead amplifies the input signal by a small
factor.

Shown in Fig. 14 is the corresponding plot of THD as a func-
tion of V,..s for a peak input current of 1 pA. In the absence
of canceling, THD remains constant at —38 dB because only
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Fig. 12. Measured input referred noise density with and without 1/ f noise rejection techniques. (Values below 3 Hz could not be shown because of spectrum

analyzer limitations.)
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Fig. 13. Normalized output spectrum showing the distortion canceling prop-
erty for a single tone (28 Hz) peak input current I;,, of 1 pA.

the CG stage along with the CC amplifier is active and there
is no distortion canceling. On the other hand, THD with dis-
tortion canceling (or with the CS stage active) varies with V,..¢
and achieves a minimum. On either side of the minimum, THD
begins to increase because of the degrading canceling condi-
tion. The minimum THD achieved is nearly —55 dB which is
17 dB lower in comparison to without canceling. Further it can
also be noticed from this plot that even while the variations in
V,.cs are large that are similar to process, temperature variations
etc., the achieved THD in the presence of canceling is still only
lower which shows the robustness of the canceling technique
and moreover it also remains lower for as long as the variations
do not get large enough to push R, into saturation from linear
region (In this case, this happens only for variations greater than
200 mV or so on the high side of the optimum point as seen from
the plot).
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Fig. 14. THD as a function of the control voltage V.. s for a peak input current
I, of 1 pA.

The overall performance measured in the front-end is also
summarized and given in Table I under different conditions.

B. Electrochemical Measurements

The presented front-end has been tested with electrochemical
sensors and as part of a wireless sensing system which is a pro-
totype for the target application. The prototype system includes
microfabricated electrochemical sensors for the characteriza-
tion of biomolecular layers and a full system-on-chip (SoC) in
addition to the front-end. The details related to the microelec-
trodes fabrication and the CV measurements conducted with the
front-end are given below while the details of the SoC can be ob-
tained from [23].
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Fig. 15. Camera photo of the fabricated chip (left) and the SEM photo of the
WE and CE with the SiO, passivation.

1) Microelectrode Fabrication: Platinum working electrode
(WE) and counter electrode (CE) are fabricated on a 100 mm
diameter silicon wafer with 1 pym thick thermally grown oxide
passivation layer. First, a standard double-layer lift-off process
is used to pattern the electrodes. Then, the wafer surface is cov-
ered by SiO, sputtering to passivate the interconnections. Fi-
nally, the passivation layer on the electrodes and the socket con-
tacts are etched by reactive-ion-etching (RIE) by using the pat-
terned photoresist as the masking layer. More details on the fab-
rication process is given in [24]. After dicing the chips, the sur-
face is cleaned with Acetone, IPA, and O, plasma, respectively.
Finally, a PDMS chamber is used as the reservoir for the so-
lutions during the CV measurements. Fig. 15 shows the camera
photo of the chip after PDMS reservoir placement, and the SEM
micrograph of the microelectrode.

2) Cyclic Voltammetry (CV) Test Results: After an Ar plasma
treatment to remove the native oxide layer on the Pt electrode
surface, the chip is incubated overnight in 1 mM ethanolic
solution of 6-(Ferrocenyl)hexanethiol. Thus, a self-assembled
monolayer (SAM) is obtained with ferrocene functionalized
alkanethiols. Ferrocene, which is an electrochemical label, can
be employed as a covalent label for electrochemical aptamer
based sensors (aptasensors), such as for DNA or RNA detec-
tion. In this work, the possibility to detect the ferrocene on
the surface is investigated by measuring the current generated
in response to the redox activity. The chip is plugged to a
PCB board through a card-edge socket, which allows to ad-
dress 10 WEs and 10 CEs independently. The triangular wave
having 100 mV/s scan rate is generated by LabView software.
This signal is applied to the solution through the CE and an
external Ag/AgCl reference electrode (RE) connected to a
generic potentiostat circuit, which is implemented by external
components for experimental flexibility. The generated current
is measured by the front-end as the electrodes are in 0.1 M
HCl104, 10 mM HCI solution. Fig. 16 shows the CV result of
the 100 pm diameter WE as detected by the front-end for a CV
input swept from —0.1 V to 0.4 V.

VIII. PERFORMANCE COMPARISON

The front-end performance achieved in this work is com-
pared with the other works in terms of current consumption,
linear range over a certain bandwidth, linearity and a summary
is given in Table II. From the table, firstly comparing the
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Fig. 16. CV of the 100 pn diameter electrode after incubation with 6-(Mer-
captohexyl) ferrocene. (The current value is extracted by dividing the voltage
output of the front-end by the transimpedance gain.)

front-end (shown in bold) to the case of without canceling and
chopping, the improvement achieved in both sensitivity and
linearity are evident thanks to the use of canceling and chop-
ping. Moreover it can also be noticed that this improvement
has been achieved at the expense of only fractionally higher
current. Next in comparison to the chopped CG TIA, it can
be seen that the latter achieves a marginally better sensitivity
and also consumes slightly lesser as there is no CS stage and
also one CC amplifier is sufficient for the second gain stage.
But then the disadvantage as seen from the table is its higher
distortion which is five times more.

A figure-of-merit (FOM) [25] is also used to evaluate overall
performance in the front-end which is given by

P K

FOM =\ <7 BW DR

2n
with P being the power consumption in Watts, BW being the
bandwidth in Hz, DR being the dynamic range (expressed as a
ratio and not in dB) and K being the linearity in %. According
to this FOM, a front-end with an overall better performance
achieves the least FOM value. Note that although an FOM like
NEF [26] already exists for sensor front-ends, it is not preferred
here because of the fact that in current mode front-ends there
exists a current-distortion trade-off due to which the minimum
current consumption atleast in the first gain stage is set by lin-
earity too apart from noise. Hence using an FOM like NEF wont
be appropriate here as it takes into account only thermal noise
whereas the above given FOM includes linearity in addition to
noise and current consumption thereby giving a more fair com-
parison of different works.

Comparing different conditions in the front-end based on the
FOM, it can be seen that the FOM values achieved with can-
celing and chopping are smaller relative to the other two cases
by one and two orders of magnitude. Particularly, the FOM
achieved relative to the chopped CG TIA is lower by nearly four
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TABLE 11
SUMMARY OF PERFORMANCE COMPARISON
Ref Supply Current BW Linear Linearity FOM Comment
' ) Consumption | (Hz) Range (%)
Reay et al 4.8 I mA 330 100 fA-819 pA .0122 44 AZ! Opamp based Integrator FE
18] 48nA-40uA | 0122
Roham et al 2.5 29 uA 5K 56 pA-750 nA .005 349 Opamp based Integrator FE
[22]
Leviri%]et al 2.5 > 4 mA 2500 | 240 pA-110 nA 2 > 6780 AZ, Opamp based Integrator FE
9 1.38 mA 12K 46 pA-50 uA 1 7 No CS? No AZ, CG TIA based FE
Genoy et al : ;
[6] with reconfigurable gain
2.5 52 vA 4 1 pA-200 nA .1 70 No CS, No AZ, CG TIA based FE
Naru[l'%l] et al
. 33 150 uA 10 330 pA-40 uA 10 4510 No CS, No AZ, CG TIA based FE
Mamcl[(%]m et al
5 400 uA - 100 nA-3.5 uA 2 - No CS, No AZ, CG TIA based FE
Turner et al
(4]
This Work 1.8 50 uA 100 22 pA-1 uA 2 29 With Canceling, CS
1.8 37 uA 100 17 pA-1 uA 1 110 Chopped CG TIA
1.8 40 uA 100 132 pA-1 uA 1 888 No Canceling, No CS
I Autozeroing
2 Chopper Stabilization
times even while the current consumption and the noise level 1.6pA/ \/(Hz) and the THD achieved for a peak current

are slightly higher which justifies the motivation for choosing
the canceling based front-end in this work.

Similarly comparing the present work with other front-ends
using the FOM, it can be seen that the performance achieved in
this work is better than [3]—[5], [8], [9] and also competitive in
comparison to [6], [22]. Nevertheless in comparison to [8], [22],
the linearity achieved in this work is not better which is because
the front-end presented here is based on open loop distortion
minimization techniques whereas a closed loop opamp based
front-end has been employed in [8], [22].

IX. CONCLUSION

A novel low power front-end for current-mode biosensors
with low noise, low distortion features has been presented. The
crucial circuit blocks that are responsible for low power-low dis-
tortion and low noise in the front-end are the noise canceling
TIA and the NCCS amplifier respectively. In the noise can-
celing TIA, we have made best use of the advantages of WI
and SI in the presence of distortion canceling to achieve low
power and low distortion simultaneously. The distortion levels
achieved thereby are lower relative to a CG TIA by a significant
factor. In the NCCS amplifier, we have taken advantage of the
canceling property inherent to the noise canceling TIA and com-
bined it with chopping to reject 1/ f noise completely. Relative
to a chopper stabilized CG TIA, the NCCS amplifier achieves
lower distortion for only a slightly higher noise floor. While we
achieve low noise and low distortion by using the above tech-
niques, we do not compromise at the same time in terms of ei-
ther the excess current or the excess thermal noise which are
only fractionally higher.

The presented front-end is validated in a 0.18 pm CMOS
process and it consumes only 50 pA from a 1.8 V supply
voltage. The measured input referred noise density is

of 1 A is —55 dB.

Comparison of the achieved performance with other existing
works shows that the canceling based front-end presented in this
work is both competitive and better than most other open loop
biosensor front-ends and this is justified from the FOM given in
Table II.

APPENDIX A
DISTORTION COEFFICIENTS FOR THE CG STAGE

Assuming the CG transistor is in WI, the current flowing
through M., is given by

nUT UT

It = I(‘g - AIcg = Ispe(‘ - €Xp
(22)

where Ipe. = 2n0, U% is the specific current, 1., is the quies-
cent current and Al is the current due to the voltage variations
AV, at the source node of M., in the presence of input current
I;y,. The dependance of the current Al., on AV;, is non-linear
and hence (22) can be written in its taylor series form as

AVi,  AV?
Icg - AIcg z[cg |:1 - U—T + 2U12n + :|
T
AVin  AV2
Alyg =1y | — — R 23
g [ Ur 202 * } (23)

In (23), only the second order term is dominant while the higher
order terms can be neglected (verified from simulations). Using
the relation Al., = I;, — AVj, /R, and applying it in (23),
AV;y, and Al.4 can be simplified and it can be shown that

Ur
+ 21629 m
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AI(',g = alli,n - aZIizn = Il,cg + Inl,(’,g~ (24)
Equation (24) is the non-linear current equation for a
CG stage in WI where oy = kgeg/(kgeg+1) ~ 1 and
Qo = 1/(2Icgkdeg)~

APPENDIX B
DISTORTION COEFFICIENTS FOR THE CG-CS STAGE

The output voltage of the canceling stage ignoring the noise
contributions is given by

Inl,cs

Gm,csRs> Heo.

(25)
For M., in SI, the distortion current I,,; .s can be derived
using the ideal MOS equation and it can be easily shown
that Tnies = (Bes/2n)AV2 = (Bes/2n)I2,R?, [18] with
Bes = (unCox)(W/L).s, n being the slope factor. Knowing
I1.cs, the non-linear CGCS output can be reduced to

A‘/cgcs = Iichg + Inl,csRcs = <Iz +

ﬁCS Rzzn 2 2
A‘/cgcs = ILn+%mlqn ch: (HIILn+0211n) ch

(26)

where 01 = 1 and 0y = (Bes/2n)(R3,/[Gm.csRs]) =
Ur/(21.4[Vy.es — Vrolkdeg) with Urp being the thermal
voltage.

APPENDIX C
CMRR OF THE FRONT-END

The CMRR of the front-end is defined here as

Rm,fe,c

CMRR = 27)

m, fe,d

where R, fea = AVyea/Li, and Ry, fec = AVie /Ly,
are the differential mode (DM) and the common mode (CM)
front-end gains respectively and AV, 4, AV, . are the respec-
tive DM and CM front-end outputs.

For differential mode operation (Lip,p = —Iin.m = ILin/2),
AVse 4 is given by
Cin
Avae,(i = (A‘/cg,d - A‘/cs,d)c— (28)
fb

with AV, 4, AV,, 4 being the respective differential outputs.
From Fig. 6, AV, 4 is given by

1+ 6

1
L+ Kaeg(146)

IinR(‘
A‘/ﬂg,d = — 9 g (

1-6 )
+ 1
L+ o=y
(

29)
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where 01 is the mismatch coefficient in R4, 6;, is the mismatch
coefficient in k4.4, which includes the mismatches of R, as well
as G, cq- Using the approximation 1/(1+1/(kgeq[1£061])) =
1 —1/(kaeg[l & 6x]) AV¢q 4 can be rewritten as

AV = IinR.q 1+ 6 1-6;
cg,d — —1 —1
2
(1_ kdeg(11+5k)> (1_ kdeg(ll_(sk))
Iich
== ([kaeg — 1] + 8161) - (30)
kdeg

In (30), the factor 616, is the contribution of mismatches in
kqeq and this creates an additional mismatch current that flows
through R, resistors. But their contribution is only negligible
as kgeg — 1 > 616, and hence

Ii ch
kdeg

AViga = (kgeg — 1) . 31

The differential CS output AV, 4 can also be derived from
Fig. 6 for kqe, > 1 and is given by

I; R 1 1
AVipq = go——
4 2Gms,cg Rs <1 + 6gms + 1- 6gms>
Iichg
- 32
ey (32)

where 0 g, is the mismatch coefficient of Gy,ys cg. In (32), we
have assumed the canceling condition is satisfied (R.q/Rs =
G csRes) and chopping is enabled. With chopping enabled,
mismatches in the CS stage do not have an influence as their
mismatch contributions get upconverted.

For common mode operation (I;;, , = Iin,m = Iin/2), the
CM mode outputs AV,, ., AV, . can also be derived from
Fig. 6 which are given below for kge, > 1.

1+ 6, 1— 6, )
1 - 1
W mnamn VLo

Iin c
AVige= . (

2
Iich
=2 (61[kdeg — 1] + 61)
deg
L Rey01(kgeqg — 1
~ 9 1(ka g ) (33)
kdeg
I; R 1 1
A‘/PQ c = > < -
o 2C;ms,cg Rs <1 + 5gms 1- 5gms>
Ii'n,Rc
= +gégms (34)
kdeg
Using (31) and (32) the differential mode gain I2,, e q 15
Cin Ci
Rm,fe,d = (Achg,d - Achs,d)_ = ch—~ (35)
Cfb Cfb
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Using (33) and (34) the common mode gain I2,, fe.. is

C; C;

A‘/c C_AI/CSC —:(SRC -
( 9, ’)Cfb 1 ngb

R’m,fe,c = (36)

Accordingly the common mode rejection as defined by (27)
is

CMRR = Bmtec _ g

Rm,fe,d

_ ch,p — ch,m

= 37
ch sP + ch,m ( )

which shows that the common mode rejection is limited only by
the mismatches in R.,. This is because mismatches in kg4, are
negligible for k4., > 1 and mismatches in CS, CC stages do
not influence the CMRR thanks to chopping.
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