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ABSTRACT

Investigation on various aspects of integrated filter design in CMOS technology under low supply

voltage is presented.

A resistive source-degeneration CMOS transconductor with excellent linearity utilizing current-
feedback has been described. The technique adds minimum complexity {just two or four additional
transistors) to enhance linearity without extra current consumption, in other words high
transconductance/current efficiency of an ordinary source degeneration transconductor is preserved
but with superior linearity performance. The transconductance’s polarity inversion of Caprio’s quad

has also been solved by adding ancther cross-coupling transistor pair.

A 1.8V CMOS dual-mode fifth-order polyphase GmC filter for Bluetooth/ZigBee transceiver has been
designed. The complex bandpass filter is based on Gm-C filter structure with appropriate crossing
transconductors to shift lowpass response to the required IF frequencies. It deploys a simple source
degeneration transconductor integrated with a network, which could simultanecusly provide common-

mode stability and dc gain enhancement.

High-gain current amplifiers have been successfully employed as an alternative active building block to
conventional operational amplifiers or operational transconductance amplifier in MOSFET-C and
active-RC filters. The second-order filters employing the proposed current amplifiers render better

linearity performance over the conventional folded-cascode OTA.

A compaét OTA suitable for low voltage filter implementations has been developed. The circult relies
primarily on the feed-forward class AB output stage that features low supply operation and common-
mode refection at no cost to transconductance/bias-current efficiency. It is envisaged that the feed-
forward output configuration could be applied to current-mode circuits in general or any other circuits
with output current variables, such as transconductor (G}, current conveyor etc. Verified through
extensive simulation, it was demonstrated that a low supply voltage filter with a competitive FoM

perfermance at small complexity is entirely viable with the use of the OTA structure.



Two different methods have been presented, basing on state-space and element substitution, to
transform the real Gm-C filters with floating capacitors into the corresponding complex Gm-C filters.
The resulting complex filter structure is suitable for fully-differential implementation using widely-used
fully-differential transconductors. To demonstrate the proposed method, the fully-differential complex
Gm-C fiter was realized from the 3rd-order elliptic Gm-C filter. 1t was found that with the same
frequency specifications, the elliptic complex filter derived from the proposed method outperforms .the

Butterworth and Chebyshev complex filters in terms of noise, linearity, area, and power consumption.
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Executive Summary

This research presents various design techniques for integrated filters targeted for modern wireless
communication chip operating under a low-voltage supply. The proposed techniques have “been
studied for Gm-C and active-RC filtering structures. And this renders useful circuit techniques for
transconductors, operational transconductance amplifier (OTA), operational current amplifier, complex
filters, and dual-mode (differential-mode and common-mode) feedforward techique working in clads-

AB.



Chapter 1

HIGHLY-LINEAR, CURRENT-FEEDBACK RESISTIVE
SOURCE-DEGENERATED MOS TRANSCONDUCTOR

1.1 INTRODUCTION

Transconductors or voltage-to-current converters G, are fundamental building blocks in ;narog
circuit applications ranging from wideband amplifiers, high-frequency continuous-time filters, high-
speed continuous-time delta sigma A/D converters, and other interface circuits. In many of these
applications, highly-linear and large dynamic range transconductors are essential because they
usually determine overall performance of the whole circuits and systems. Numerous circuit techniques
have been proposed to improve the linearity performance of the transconductor [1.1]-[1.8] and,
interestingly, they all can be classified as variants of the classical source-degeneration technique
using passive resistors. These resistive source degeneration transconductors can be further divided
into two main categeries, namely (a) those based on the ‘super G,,’ arrangement in which a negative
voltage feedback loop formed by a high-gain voltage amplifier [1.1}-[1.3] and (b) those based upon
device's non-linearity cancellation by utilizing positive current feedback [1.4]-[1.6]. In this literature, a
compact, highly-linear resistive CMOS source-degeneration transconductor based upon an alternative
current-feedback (CF) structure will be presented. Unlike many previously reported linear resistor
based transconductors, the proposed Gp's require only a small number of extra transistors, and
therefore the circuit complexity and power consumption are kept at minimum, Comparison between

the conventional G, and the proposed circuits is provided via simulated performances.

1.2 PRICIPLE OF CURRENT-FEEDBACK SOURCE-DEGENERATED TRANSCONDUCTOR

There are number of previously proposed transconductors which can be considered as a current-
feedback resistive emitter/source-degenerated type [1.4]-[1.6]. The Caprio's Quad [1.4] can be viewed
as the circuit which has been developed from the translinear principle [1.7]. These G,'s employ the

same technique of generating equal but opposite voltage variations to counterbalance transistor’s




non-idealities resulting in a perfect voltage-to-current conversion by the source-degenerated resistor.
The general principle of this current-feedback non-linearity compensated transconductor can be
explained by considering the circuit diagram in Fig.1.1. Each rectangular block represents a three-
terminal non-finear voltage-controlled current source, for example, it could be either BJT or MOS

transistor. By assuming that the relationship between current [, (= f) and voltage V, can be

expressed by a non-linear function f{+) such that

zZ
; ]?.: f(vxv)
3-terminal non-linear
Xomm———o N \
+ YCCS device
ny 1 I,E I,
* ,zf Y 1{2 +
+ -
v in o——{ NI N2 —o0 v in
F5) 24
V.r_s-l 2
—_ N2 Nd _
+ +
V-WJ + VR - ny4
R
A I

CFE-G, concept

Fig.1.1 Conceptual structure of a current-feedback resistive source-degenerated transconductor -,

I, =fV,)=I;expV, /V;)

{1.1)
for a collector current of BJT operating in a forward-active mode with V,, = V., being a base-emitter
voltage, and

cC W 2
L= f V)= (V, =V, )

12



for a drain current of MOS operating in a saturation region with V, = V. being a gate-source voltage.

By using KVL, the input voltage can be written as
Vi =V tVoa =V =V

in avl k xv2

=f L)+ (Izn)"f-i(1:4)“f—-l(1zz)+vn

+V,

(1.3)
It is therefore necessary to eliminate the device's non-linear inverse functions so that the input
voltage is linearly transferred to appear across the degenerated resistor R, i.e., V, = V.. This can
easily be accomplished by setting /,, = /,, and f,, = [, which can be achieved by injecting feedback
currents /,, and /,, into Y nodes of devices N1 and N2 respectively. Moreover, if the circuit is a fully
balanced structure, the current signal swing of [, (= /,,) will be equal but in an opposite direction to 1,,
(=1, 9. b, =lg-i,bh,=1Ig+ i, wewouldhave V, = V, = R4, or i,y = V,,/R which is a
perfectly linear V-to-l converter, i.e., a linear transconductor with transconductance (g,) of 1/R. In
practice, the required feedback current can be provided by means of either cross-coupling [1.4]) or

current mirroring [1.5], [1.6].
1.3 PROPOSED CURRENT-FEEDBACK SOURCE-DEGENERATED TRANSCONDUCTORS

The current-feedback technique of Caprio's structure can be directly transferred to CMOS
implementation as shown in Fig.1.2. Instead of employing current mirrors to provide current feedback
as in the case of the transconductors proposed in [1.5] and [1.6), the cross-coupling transistors
MN3—MN4 are utilized to immediately provide necessary compensating feedback current. If all the
transistors are perfectly matched, it will render a linear transconductor with a transconductance g,, =
1R Alternatively, if a minimum supply voltage is required, PMOS transistors can be employed to
compiement NMOS devices in a place of gither the input pair or the cross-coupling. It is worth noting
that for a greater headrcom and enhanced linearity, the constant bias current sources are not
employed [1.8], the bias current is thus set by the degenerated resistor R and the DC common-
mode input voltage level. This bias current is adaptively altered according to transconductance value
(g, is tuned by adjusting R, which consists of resistive networks with triode MOS [1.8]), i.e., smaller
g, means smaller bias current compared to the fixed current consumption in a constant bias current
source case. The non-linear cancellation technique of the circult in Fig.1.2 is particularly attractive
because it makes use of only two additional transistors, thus help reducing circuit comblexity and

minimising silicon area. Furthermore it does not require any extra bias current (unlike G_'s in. {1.5],

13



[1.8]) because the bias current of the cross-coupling transistors has been reused by the input

transistor pair.

\/-t +l()b!f \/

i e,

GND L

Fig.1.2 Current-feedback MOS transconductor with a cross-coupling for non-linearity compensation

The proposed transconductor in Fig.1.2 is designed in 0.35um CMOS technology to have a
nominal single-unit g value of 30uS (differentially) for an under-going analog baseband filter project.
The aspect ratios W/L are 50um/0.35um same for MN1—MN4. At a typical operating point, the

transconductor consumes 36uA under 3.0V supply with an input DC common-mode of 2.0V,

40

30

20

10

-20

Transconductance (1S)

-30

Input voltage (V)

Fig.1.3 Transconductance curve of CF-G_ in Fig.1.2 (ll) and Flg.1.4 compared with the conventlonal G_(n[1.8]

‘ . - . ™ .
Simulations of the circuit have been performed via Spectre . For a comparative performance

demonstration, simulations of the conventional source-degenerate transconductor [1.8] were also

14



carried out. The DC-sweep characteristic of the circuit in Fig.1.2 is illustrated as curve |l in Fig.1.3.
For an input range of 0.8V, the current-feedback G, renders a flatter response compared to a
conventional G, {curve ) [1.8], hence better linearity. However, it can clearly be seen from curve ||
that this G,, does inherit Caprio’s quad's characteristics of limited voltage input range and inverted
polarity of the transconductance. The input range is restricted because drains and gates of MN3 and
MN4 are cross-connected making V,, of these devices equipped with only one V, at zero-signal and
consequently limit a signal swing head room. If V, swing is too large, since MN1 and MNZ2 act as
source followers, thus V, of MN3 becomes very small and it would enter a triode operating region.
Subsequently, current within MN3 and MNZ2 will be suddenly diminished and most of the output
current will come out from MN1 and MN4, therefore the direction of output current (and
transconductance) is inverted. This implies that in order to acquire a reasonably large input range,
the cross-coupling transistors need to have large V,,. One way to achieve this is by connecting bulk
to ground if a relatively large W/L ratio has to be maintained. In order to keep a supply voltage low,
source and bulk of the input transistors MN1, MN2 should be joined together {thus not applicable to
single-well CMOS processes). In such case, there is an unavoidable V,, mismatch between MN1
(MN2) and MN4 (MN3) and it inevitably degrades linearity of the transconductor because the non-
tinear terms in (1.3) are not completely eliminated. Therefore the body effect has to be taken into

account and the MOS V-I relationship is altered to [1.9]

C W
=; mr__(

! V= Viyo =V, )’ (1.4)

fa]

where Vi, being the threshold voltage at zero source body voltage and the term o represents a
body effect, ideally oo = 1 for V, = 0. The inverted polarity of the transconductance due to devices
entering triode operating region may cause instability when employing such transconductor in high-
level filters. This problem can be elevated by adding another transistor pair MN5—MNS to MN3;MN4
and then cross coupling their drain currents to combine with those from MN1—MN2 to produce the
total output current resulting in another transconductor structure as depicted in Fig.1.4. In this way,
the drain voltages of MN5—MN®G will not be severely affected by the input voltage. Unlike MN3—MN4,
they will not enter triode operating region by a large excursion of V, and their drain currents are not

polarity inverted. Such characteristic will thus be combined with the transconductance generated from

MN1—MN4 and produce an overall single-polar transconductance {non-negative).

15



S
‘ GND

Fig.1.4 Single-polar current-feedback transconductor

The proposed G, circuit of Fig.1.4 is designed with aspect ratios W/L of 50um/0.351tm same for
MN1-—~MN6. At a typical operating peoint (nominal g, =30uS), the transconductor consumes 38uA
under 3.0V supply with an input DC common-made of 2.0V. Transconductance plotted against DC-
sweep input voitage is also shown as curve ill in Fig.1.3 where it can be clearly seen that no polarity
inversion has occurred. Comparing with the g, obtained from the ordinary structure presented in

[1.8], it is obvious that this proposed circuit of Fig.1.4 also renders a flatter g, response which
signifies better linearity — similar to the performance cbtained from the G, of Fig.1.2. Again, the input

range is about 0.8V, which is more than sufficient for the application currently being investigated.

1.4 SIMULATION RESULTS

More simulations of the proposed transconductors have been carried out. Fig.1.5 shows the
transconductance of the circuit in Fig.1.4 for different source degeneration resistor R, values ranging
from 20kQY (bottom) to 1kQ2 (top). The input range has been slightly shrunk to £0.75V for a small R,
=1k{2. Furthermore current consumption for each transconductance value has been recorded and the
transconductance/bias current efficiency is plotted in Fig.1.6. It is obvious that both proposed circuits
of Fig.1.2 and Fig.1.4 render better g /i, efficiencies than those from the conventional G_ ([1.8]) for
almost entire g, range. Total harmonic distortions (THD) as a function of differential input amplitudes
and frequencies are plotted in Fig. 1.7 and Fig.1.8 respectively for g, =30uS. Evidently, the proposed
transconductor renders a better THD performance by as much as 10dB over its the conventional G,

counterpart with an input amplitude up to 0.8V and with frequency range up to TMHz.
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Fig.1.5 The simulated transconductance for different values of the source-degenerated resistor

15 ',,J
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::.Q 13 //
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Fig.1.6 Transconductance/blas current efficiency: A conventional G, [8), O rFig.1.2, O Fig.1.4

1.5 CONCLUSION

A resistive source-degenerationCMOS transconductor with excellent linearity utilizing current-
feedback has been described. The technique adds minimum complexity (just two or four additional
transistors) to enhance linearity without extra current consumption, in other words high

transconductance/current efficiency of an ordinary source degeneration transconductor is preserved
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but with superior linearity performance. The transconductance's polarity inversion of Caprio's quad
has also been solved by adding another cross-coupling transistor pair. The authors believe that it is

possible to overcome V,, mismatching problem by sizing the transistors with different W/L ratios

similar to the technique presented in [1.6].
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CHAPTER 2

A 1.8-V CMOS POLYPHASE FILTER FOR DUAL-MODE

BLUETOOTH/ZIGBEE TRANSCEIVER

2.1INTRODUCTION :

The low-intermediate frequency {low-IF} polyphase architecture has emerged as the preferred
approach for achieving the required sensitivity in fully integrated wireless transceivers [2.1}, [2.2].
Mainly driven by cost and power consumption, standard CMOS solutions for applications such as
Bluetooth (IEEE 802.15.1) and ZigBee (IEEE 802.15.4) have set new challenges for circuit designers
at both circuit and system levels. Bluetooth system has widely established itself in various well-known
applications Including wireless headsets, file sharing and printing, while ZigBee (also known as
HomeRF Lite) is used for very simple wireless connectivity. The addition of ZigBee capability to a cell
phone could enable the control of devices such as lights, electronic devices and central heating using
the mobile handset. A dual-mode transceiver solution is being developed because in the price
sensitive market for mobile devices, it is essential that this capability be added for minimal extra cost.
Noting that coexistence issue of the two standards on the same frequency band is thoroughly

discussed in IEEE Standard 802.15.4.

A polyphase filter or complex filter represents one of the key components in low-IF polyphase
receiver. Owing to its asymmetric amplitude response, it has an ability to pass wanted channel signal
while efficiently réject neighbouring channel interferers as well as unwanted image. A polyphase filter
in this work is based upon transconductor-capacitor structure because of its simplicity, tuneability,
linearity and high-frequency performance. The transconductor core circuit follows a linear, wide-
tuning, low-noise and compact source degeneration type from [2.3] where the common-mode
feedback and dc gain enhancement has employed a single network according to the topology

originally proposed in [2.4].
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2.2 REVIEW OF COMPLEX FILTERS

Fig.2.1 shows the basic principle of the complex filter. Starting with a real low-pass filter, the

transformation s—> s - jay, is applied. This shifts the poles up the imaginary axis by @y and
transforms the lowpass response into an equivalent bandpass response centred at @ = @,. The
transformation preserves both amplitude and phase characteristics and produces the required feature
of having no image response at negative frequency. Synthesis of complex filters follows similar
procedures to those for real filters except that it makes use of complex integrators. Fig.2.2 shows
transformation from real to complex integrators implemented in the G -C technique. The transfer
characteristic of the complex integrator in Fig.2.2 (b) is described by,
i (8 G

His) = c.mt - : -
‘r'n(s) (s= ij)

(2.1)

where @y, is frequency shift given by ay=Go/C. This demonstrates that the transformation s— s - jay is

being performed as reguired.

Im
shifted
x A
x BW | = His-jw,)
x ¥
x .
JAl= e -
X* Re

low-pass
Fig.2.1. Complex filter basics
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by = G : ’OUI'

G C G
H(s) = C T H(s) 3m
(a) (b)

Fig.2.2: Current-mode G, -C integrator (a) real (b) complex

2.3 TRANSCONDUCTOR CIRCUIT

The variable wide-band resistor source-degeneration transconductor proposed in [2.3] possesses
many advantages including good linearity, low-noise, high frequency capability and low supply
voltage. However, such structure inherits a couple of weak points that need special attention. This
type of transconductor structure is prone to common-mode instability when employed for filter
realisation. It is thus necessary to deploy a common-mode feedback loop comprising common-mode
voltage sensing and errar amplifiers. Moreover a low dc gain of the transconductor necessitates an
additional negative conductance network to provide sufficient dc gain in order to achieve a required

filter's frequency response.

As depicted in Fig.2.3, instead of using two separate networks to enhance common-mode stability
and dc gain, a single network (MN3-MNGE} adopted from the topology presented in [2.4] is employed.
its main feature is to ensure common-mode stability where the network forms a low impedance load
for common signals and a high impedance load from differential signals, effectively resulting in
common-mode stability. The technique has been successfully demonstrated with G,,,C filters based on
an inverter-type transconductor [2.5]-{2.9]. The second important feature is to help increase dc-gain of

the transconductor. And this can be simply achieved by sizing transistors so that a positive feedback

current from MN5—MNG is higher than the negative feedback from MN3—MN4. Two-in-one

e
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functionality thus allows additional devices to be kept at minimum; hence this helps save extra silicon

area and power consumption.

The transconductor in Fig.2.3 possesses a nominal transconductance value of 20US (Vieg=0.7V).
Note that simple cascode PMOS current sources are employed to supply bias currents to the
transconductor. The transconductor also deploys a tuning technique from [2.3). Five tuning step:"s are
required in this case to ensure a transconductance continuous sweep of +50% from the nominal
value; each tuning voltage can be varied between 0.6V and 1.8V to adjust degeneration NMOS triode

resistance.

o T T Jh
i S T

10/0.3

50/3
MN1 MN4

10/2

VF
10/2 |_'Ll
b3 % R,22.9k0)
Vey ]
10/2 A
g S R,=3.0k0
ey Vi
102 =
< b
R=2.9k0)
Ves Vrs
1002 (|
Commaon-made stabiliser
Core transconductor & DC gain enhancement

Fig.2.3: Transconductor with common-mode stabilizer and dc gain enhancement

At any time, only one pair of these degeneration NMQOS’s is on and the one-side degeneration

resistance R, is (only one Vj; is on)

T Ve -va) + 3
Rai = #nCox| | Vi ~Vin) + Z R
!

N , N——
ladder resistance

~
tringe—MOS resistance

(2.2)
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where 1, C, and V,, are conventional parameters for NMOS transistor and the differential
transconductance is approximately equal to 7/R,. To ensure a continuous transconductance sweep,
the tadder resistors have to be designed according to (2.2) so that the adjacent tuning steps have
adequate transconductance overtapping at their tuning boundaries when V,, is switched from one
step to another. Because of a limited maximum available tuning voltage of 1.8V, a wide triode
resistance variation can be achieved by employing a low threshold voltage NMOS device (Vi,~0.4V)
available in the technology as a tuning triode-MOS resistor. However, it is typical to have large Vy,
for the core transconductor MOS, MN1-MN2. This is because it normally happens that drain and gate
voltages swings in opposite directions {sometimes with the same magnitude) from the same
quiescent voltage (due to filter's cascade and feedback structure) and having a large V,, device will
help maintain the transistors in saturation for large signal swing. Note that some of the transistors
and resistors within the common-mode stabiliser (drawn in the light shade) can be omitted to save
chip area without severely disturbing the circuit operation. It has only been included in Fig.2.3 to

imitate the core transconductor structure.

Compare this transconductor to the class-AB inverter-type MOS transconductor employed for a
dual-mode polyphase filter in [2.7]-[2.9], the proposed transconductor is inherently insensitive to

supply voltage variation and it operates in & class-A manner,

2.4 FILTER DESIGN

A 5th-order 0.5dB equiripple Chebyshev complex filter depicted in Fig.2.4 is chosen for this work
[2.7]-[2.9]. The design values for ZigBee and Bluetooth responses are given in Table 2.1. Notice that
the design values are half of those used in [2.7]-[2.9] in order to minimise power consumption not
higher than 2.5mW (this moderate power consumption has also been achieved by the Sm-order

polyphase filter in [2.9]).

24



]
1
o
N
|
1
(9]
(2
|
1

5
&
@
o /o)

—t
O
—
-
(9]
-
AS

&)
w/
&)

)
z
o
w

/AR
Tl
L@[}{}{}

T

Table 2. 1: Design values for dual-mode filter
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Fig.2.4: Channel filter architecture

Parameters | Bluetooth | ZigBee

G 2045 20uS
Gy, 56.8645 | 56.86uS
Gy 41.9945 | 41.99:8
Ga 84.70uS | B4.70u5
G 40.9945 | 40.99.48
Gis 56.86.5 | 56.86.5
c, 8.050F | 4.53pF
C, 6.53pF | 3.27pF
C, 13.480F | 6.74pF
C, 6.53pF | 3.27pF
Cs 9.05pF | 4.53pF

A single feedback loop circuit shown in Fig.2.5 sets quiescent voltage Vqg for all transconductors
within the filter. The diode-connected MOS (W/L=50um/3um) emulates the fact that under a
quiescent condition, transistors MN3, MN5 and MN4, MNB within the common-mode reject network in
Fig.2.3 resembie a diode-connected NMOS. In this design the quiescent voltage is set to be at 1V, It
should be also noted that the op-amp employed in Fig.2.5 is not required to be high performance;

hence It can be easily designed under 1.8-V supply.
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Fig.2.5: Quiescent voltage setting-up circuitry

2.5 SIMULATION RESULTS

Ali the simulations have been carried out using Spectre with Cadence design suite. Simulated
frequency response of the complex filter employing 3.3-V 0.18pm digital CMOS process is shown in
Fig.2.6-Fig.2.8. It can be seen that the simulated responses are very close to ideal. Note that the
actual capacitor values have been trimmed according to the method described In [2.8] to take
parasitic capacitance into account. Fig.2.6 shows two modes of operation (Bluetooth and ZigBee),
obtained by switching the values of capacitor with the common set of transconductors. Fig.2.7
llustrates frequency tuning at nominal and two extremes by adjusting tuning voltage. This center

frequency tuning capability of > 80% is more than enough to encounter process and temperature

variations.
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Fig.2.8: ZigBee's passhand response
The filter common-mode rejection ability has been investigated by measuring common-mode
signal frequency response and compare with differential signal as show in Fig.2.9. It can be seen that
although the structure of Fig.2.3 does not reject common-mode signal locally, but globally the filter
does have ability to suppress common-mode signals. The filter has also been subjected to a transient
common-mode step response stability test [2.3], and the results guarantee its unconditional stability

as ilustrated in Fig.2.10.
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Fig.2.9: Filter's frequency response. differential vs common-mode (single-end output)
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Fig.2.12: Third-order intermodulation
The ZigBee output differential noise is shown in Fig.2.11 where the total output noise integrated

over the 100MHz bandwidth renders output noise power voltage of 2.5x10-7V2. The ZigBee signal
compression characteristic of ZigBee-mode filter is shown in Fig.2.12 and it demonstrates a linear
gain up to an input amplitude of 1Vp (0dBVp) differential and an input referred 1-dB compression
point of 1.59Vp (or 4.03dBVp) differential {with corresponding output voltage of 0.68Vp). The signal-

to-noise ratio is thus found to be 62.3dB.

The in-band spurious free dynamic range (SFDR), where the inter-modulation product has the
same power as the filter noise, is found to be 51.3dB and 53.4dB for ZigBee and Bluetooth modes
respectively. Qut-of-band intermodulation of the distant blockers was also simulated as also shown in
Fig.2.12 for ZigBee case (input tones at 6MHz and 10MHz for ZigBee and 3MHz and 5MHz for
Bluetooth). It shows the ZigBee third-order intermodulation characteristic indicating an input referred
third-order intercept point (IIP3) of 33dBVp differential with corresponding out-of-band SFDR of
§9.6dB. The whole filter draws a total current of 1.38mA from a single 1.8-V supply. The overall

performance for both modes is summarised in Table 2.2.

2.6 CONCLUSION

A 1.8V CMOS dual-mode fifth-order polyphase G,C filter for Bluetooth/ZigBee transceiver has
been designed. The complex bandpass filter is based on Gm-C filter structure with appropriate

crossing transconductors to shift lowpass response to the required IF frequencies. It deploys a simple
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source degeneration transconductor integrated with a network, which could simultaneously provide

common-mode stability and dc gain enhancement.
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CHAPTER 3

APPLICATION OF REVERSE-ACTIVE NPNS FOR COMPACT, WIDE-
TUNING F~INTEGRATION-BASED FILTERS IN SIGE HBT BICMOS

TECHNOLOGY

3.1. INTRODUCTION

The rapid growth of today's wireless multi-gigabit communication market has placed an ever
increasing demand on integrated filter performance particularly in terms of very high operating
frequencies with acceptable dynamic range and low power consumption. Among conventional active
fitering techniques such as G,~C and log—domain filters, f—integration technique has portrayed

itself as a viable alternative for very high frequency applications [3.1]-[3.4].

A mature SiGe HBT BiCMOS technology Is an excellent match for realisation of cost-effective,
highly integrated high-speed data communication and wide-bandwidth digital wireless architectures at
microwave frequencies. This is because high performance analog circuitry (provided by heterojunction
bipolar transistor —HBT) can co-exist with sophisticated digital blocks (CMOS). Bandgap engineering
enables process designers to achieve a SiGe HBT with all-around superior performances compared to

a conventional Si BJT device [3.5]-[3.8].

This work demonstrates the feasibility in applying HBT devices in SiGe BiCMOS technology to
h—integration technique. Specifically, the HBT's will be employed to implement a low-voltage, wide-
tuning 5-GHz f~integration-based bandpass filter. It will be shown that a large frequency tuning range
at microwave operating frequencies is accomplished in the SiGe filter via the existing structure using
lateral pnp's as large base transit time tuning devices. The improved structure using reversed active

verlical npr’'s with a significant reduction in chip area is proposed.



3.2. f~INTEGRATION PRINCIPLE

fr—integration technique has been thoroughly discussed in previous literatures [3.11-[3.4] and only a

brief overview of the principle is addressed here for better circuit understanding in subsequent
sections.

Base charging dynamic of a bipolar junction transistor results in a charge control equation which
relates Jarge-signal base current [, and collector current /, as

di. 1.
Ib =wa5;-+_b_—
V]

(3.1
where 7, is the transit time in the base. This mathematical function of integration lies as a basis of

fi—integration. The operation of SiGe hetergjunction bipolar junction transistor (HBT) is also governed

by the base charging dynamic similar to the conventional homojunction BJT. Therefore it is

concepltually feasible to apply f—integration technique to HBT's for filier implementation.

3.3. WIDE-TUNING f,~INTEGRATOR DESIGN IN SiGe HBT BiCMOS TECHNOLOGY

Based upon the f—integration principle presented in the previous section, the first version of the
fi—integrator designed within SiGe HBT 0.8um BICMOS process is shown in Fig.3.1 which has been
migrated from the low-voltage fr—integrator presented in [3.4]. Four lateral pnp's Q. connected in
parallel have been used on each side of the integrator in order to achieve the required nominal
operating frequency of 5GHz and wide frequency tuning range. Note that the lateral pnp symbol has
an extra node indicating a gate terminal which always has to tied to the most positive supply. This is
because this lateral pnp is simply constructed from the existing PMOS structure, its gate thus has to

be biased positively so that channel inversion never occurs.

e
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Fig.3.1: f,-integrator in SiGe BICMOS with lateral pnp as tuning device (migrated from{3.4] )
The unity-gain frequency f, of the fi—integrator presented in Fig.3.1 can be expressed as

1

T
277, temZde (To  dn
o, I, I, I,

fu=

where 7, is the base transit time of the forward-active npn and 7,, is that of the frequency-tuning
device Q. with m being the number of Q, i parallel. Since typical values for /, and I, are negligibly

small compared to /, and /., the tuning range can be estimated from (3.2) to be

fu - fUl@I,:O
fU fUl@r,.

where m=4 in Fig.3.1. I, ,, is the maximum possible frequency-tuning current which may be written as

Mk

T T, p-l
=1+mim=1+m_’iu (3.3)

T, Iy T, Iy

=L e

lema=P* lr0. Where p is the ratio of the maximum possible /. relative to the nominal bias value /.
Normally the ratio p is the same for any type of HBT or BJT. Equation (3.3) suggests that the term on

the right hand side has to be large in order to achieve a wide tuning range. An advantage In utilizing
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lateral pnp, commonly available in standard BiCMOS process, for Q. is a considerable tuning range
improvement while keeping power consumption at minimum. That is, only a small m is required to
accomplish a large tuning range, owing to the pnp 's inherently large base transit time. Moreover, the
lateral pnp normally requires low bias current /. In other words, with lateral pnp, the second term in
(3.3) can be made large without sacrificing excessive extra current consumption. Small nominal bias

currant also helps minimise collector and base shot noise.
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Fig.3.2: The proposed f-integrator with vertical reverse-active npn as frequency tuning device

However, the employment of lateral pnp results in one major disadvantage of occupying huge
silicon area and so this might not be an ultimate solution for tuning range extension. It would be ideal
if there is a more compact device but with an inherently large base transit time and low nominal bias
current in a similar order to that of the lateral pnp. Qur proposal is to employ a vertical npn operating
in a reverse-active region, i.e., with the reverse biased base-emitter and forward biased base-ccllector
junctions. Because of its asymmetry (both in doping profile and physical structure, see Fig.3.2), a
reverse-active npn possesses an inferior characteristic compared to the forward-active mode. The
large base transit time of a reverse-active npn, which is normally considered inferior, can be tuined
into an advantage by performing a significant role of frequency tuning range enhancement. In a typical

BiICMOS, bipotar or SiGe BICMOS process including the one employed in this work, it is found that

lateral pnp and reverse-active npn possess a similar large value of T,,/4, which means that these two
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types of devices require the same number of transistors to obtain the same tuning range. Therefore
with a benefit of saving chip area, there is no penalty on either current consumption or number of
devices in replacing lateral pnp with a reverse-active vertical npn. In this way, we are able tc extend
F—integrator's frequency tuning range without sacrificing neither power consumption nor chip area by

simply utilising npn operation in a region which has been widely regarded worthless.

The f—integrator structure employing a reverse-active vertical npn as frequency-tuning device is
itlustrated in Fig.3.2. Similar to the lateral pnp case, four reverse-active npn are employed on each
side of the integrator in order to achieve a 5GHz nominal operating frequency. Both circuits in Fig.3.1
and Fig.3.2 use a supply voltage of Vge + 2V, where Vp, is the voltage drop across each current

source and the typical supply voltage could be estimated to be 0.8 + 2(0.5) = 1.8V.

There are various issues that have to be taken care of when designing circuit using reverse-active
vertical npn. Firstly, voltage across emitter-base junction has to be kept lower than a relatively low
emitter-base breakdown voltage. The supply voltage of circuit in Fig.3.2 is thus restricted to a low
value. If it is necessary to have a high supply voltage (e.g. 3V), the reverse-active npn Q. in Fig.3.2
can be modified by disconnecting its emitter (pseudo collector) from V¢ and tying this to the base. In
this way, the Q,'s has formed a diode-connected configuration and base-emitter breakdown damage
can be avoided. Secondly, when operating the transistor in a reverse mode, the parasitic vertical pnp
formed by base-collector-substrate structure is inevitably turned ON. Consequently, there will always

be a small leakage current wasted into substrate.

3.4. SIMULATION RESULTS

The resonators based on the proposed integrators of Fig.3.1 and Fig.3.2 have been simulated with
Vec=1.8V using SpectreRF within Cadence design platform. The devices are taken directly from the
library of the foundry's design kits of HBT SiGe 0.8um BICMOS process without any modification. A
double-base npn occupies a total area of ESOw'n2 (effective emitter area = 2umX0.8um) which is much
smaller than 400pm2 of lateral pnp (effective emitter area = 3.6umx3.6um). Therefore, in this
particular technology, the reverse-active vertical npn occupies silicon area less than one-sixth of the
lateral pnp's area which significantly help optimise circuit compactness and reduce fabrication cost. For
rough estimation, if a single vertical npn represents one unit chip area, it would mean that the
proposed integrator of Fig.3.2 consumes only one-fourth of the area occupied by the integrator in

Fig.3.1. Regarding device characteristics, the npn HBT has a peak f; of 30GHz at bias collector
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current = 750LA with corresponding B, of 80 and base resistance = 300€). In a reverse-active mode,
the same device possesses a peak f;= 800MHz with 3, = 10 at collector current of 80ptA. Comparing
to a reverse-active npn, lateral pnp have a slightly superior device characteristic with peak f; =3GHz at

collector current of S30pA with the corresponding [3, =20.

Simulation results show that the centre frequency (f.) can be widely tuned from 1.9GHz to 6.7GHz
by varying /. from 600pA to 0.25uA while fixing /, at 750pA as shown in Fig.3.3. Such a wide
frequency tuning of over 300% is a solid confirmation of reverse-active npn and lateral pnp's expected
functionalities. Resonator frequency responses are illustrated in Fig.3.4 indicating centre-frequency (£.)

and quality factor (Q) tuning.
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The spurious-free dynamic range, SFDR (ratio between a wanted signal and an unwanted third-
erder intermodulation at the point where the third-order intermodulation power is equal to noise power)
is plotted against centre frequencies is shown in Fig.3.5 for two values of @ = 5 and 10. Note that
SFDR Is simulated with input two-tone signals of 0.5% frequency separation and the noise power is
measured by integrating ac-simulated noise within -3dB signal bandwidth. At nominal centre frequency
of 5GHz, the SFDR's are found to be 30dB and 33dB for Q = 10 and 5 respectively.

Fig.3.6 illustrates how SFDR varies with Q for the proposed circuits at £,=5GHz and they are
compared with the prototype in Si BICMOS at f, =1GHz. It can be seen that the proposed SiGe
circuits render SFDR similar to those reported in [3.4] but with an operating frequency higher by
fivefold. A fair comparison of filter overall performance is normally obtained by means of a figure of

merit (FoM) which is defined here as

f. xSFDR
Power consumptia per pole

FoM =

(3.4)

According to FoM definition, the filter with a better performance possesses a higher FoM. FoM
comparisons are plotted against f, in Fig.3.7 for Q@ = 10. It is clear that at the region around nogainal
operating frequencies, the proposed circuits {both with lateral pnp and reverse-active npn as a tuning
device) give better FoM over the filter implemented in Si BICMOS where an improvement by a factor

as large as four can be observed.
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3.5. CONCLUSION

f—integration technique has been successfully demonstrated via simulations in HBT SiGe 0.8um
BiCMOS technology. Addition to existing technique in deployment of a lateral pnp for freqqency
uning range enhancement, a reverse-active vertical npn has been proposed to achieve the game
task while also keeping current consumption and chip area at minimum. The resonators can be
widely tuned from about 2GHz to more than 6GHz, i.e., tuning range is greater than three-fold. At
nominal, the resonators render SFDR of 30dB and 33dB for Q = 10 and 5, respectively. FoM
comparison between the SiGe filters and the previous prototype implemented in Si enjoys improved

performances as large as four times.
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CHAPTER 4

HIGH-GAIN CURRENT AMPLIFIERS FOR Low-POWER MOSFET-C

FILTERS

4.1 INTRODUCTION

The rapid growth of today’s wireless communication market has placed an ever-increasing demand
on integrated filter performance particularly in terms of linearity, dynamic range and low power
consumption under a low voltage supply constraint. The MOSFET-C filter design technique has
portrayed itself as a simple and effective method for integrating high complexity continuous-time filters

on a single CMOS chip with large dynamic range and accurate frequency response [4.1]-[4.5) .

A key building block in MOSFET-C filters {and also as in a classical active-RC filter) is an

operational amplifier (OA). However, it has been demonstrated in [4.1], [4.2) that an cperational

transconductance amplifier (OTA) — typically consumes less power than OA, with sufficiently large
transconductance, can also be employed as an active building block. Achieving a large
transconductance OTA under a low voltage supply might not be straightforward. In the past decade,
OTA have been extensively researched for various circuit applications [4.3]-{4.8). This work employs a
very high-gain current amplifier (CA) as an alternative to OA and OTA in MOSFET-C filter (active-RC})
while still maintains a required filter realization. Previously, high-gain current amplifiers have also been
used in voltage amplifier design {[4.9], [4.10], [4.11]) and recently in g,,C-Opamp high frequency filters

{(4.12]) in order to give high-bandwidth and low-distortion performance.

4.2 MOSFET-C INTEGRATOR EMPLOYING CURRENT AMPLIFIER

Consider a MOSFET-C or active-RC Integrator employing an ideal current amplifier (CA) with
current gain of A, as an active building block in Fig.4.1, a simple analysis yield voltage output/input

relationship (in terms of admittance Y and A)
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v. o Y, +7, (4.1)

where Y,=1/R, Y,=sC and Y, = load admittance. If A, >> Y, + Y, an ideal integrator transfer function

can be realised accordingly, that is

Vou 4 __ 1 42)
Vin Y, sRC '
C
I
. R 1
in
o—AAN Vo,
oMo > LI
T Yo
v

Fig.4.1 MOSFET-C or active-RC integrators employing high-gain current amplifiers

Similar to OA-RC and OTA-RC cases, because the current amplifier in Fig.4.1 is connected in a
closed loop formation, therefore the current amplifier may be non-linear as long as high current gain is
present, and no linearisation circuit is needed. Fig.4.2 shows a possible architecture of a very high-

gain current amplifier. The high current gain of this current amplifier comes from an Intermediate high-

impedance node X and it is equals to A,= Z,°G,,

Fig.4.2 High-gain current amplifier concept
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4.3 PROPOSED MIGH-GAIN CURRENT AMPLIFIERS FOR MOSFET-C orR AcCTIVE-RC
FILTERS

A balanced MOSFET-C integrator employing a high-gain current amplifier based upon the structure
in Fig.4.2 is depicted in Fig.4.3a and Fig.4.3b. A common-gate NMOS structure M1-M2 is utilised as a
current buffer allowing input current to flow into high impedance nodes X, X'. At these nodes in
Fig.4.3a, a diode-connected PMOS (negative feedback, M7-M8) is combined with the cross-coupling
PMOS {positive feedback, M9-M10} to realise high impedance. However, such high impedance is only
recognised by differential signals. In contrast, these same nodes are seen by common-mode signals
as low impedance, hence DC bias voltage can be established without requiring additicnal common-
mode feedback (CMFB) amplifier as in case of the amplifier in [4.9]. This gain enhancement and DC
voltage setting-up technique thus consumes no extra current consumption. An output stage of the
amplifier utilises a PMOS source-coupled pair with current source 2l where it provides capabhility of
common-mode rejection for the amplifier. However, such structure resembles class-A output

configuration, therefore the output current swing is limited by a current source (2Ip).

A more attractive current amplifier structure is shown in Fig.4.3b where PMOS M3, M4 are
connected in parallel to M11, M13 and M12, M14 respectively in order to provide output current in a
class-AB manner allowing large current signal excursion because it is not limited by fixed current
source. This circuit thus shouid render better linearity than its counterpart in Fig.4.3a. However, this
output structure requires M5-M6 and current mirrors M7-M10 with an appropriate cross-coupling to
provide (i) common-mode rejection (i} differential signal addition (combining drain signal currents of
M5 with M4 and M6 with M3). Fig.4.4 illustrates how this particular output stage handle signals
differently. Such circuit arrangement provides feed-forward common-mode rejection, but in a different
manner to that proposed in [4.13], because the differential signals (and transconductances) of M3, M6
and M4, M5 are added constructively. Therefore it can effectively provide common-mode rejecting
without incurring any penalty in the overall transconductance/bias-current efficiency, i.e., bias current

consumed by M5-M8 is not wasted just for common-mode rejection.

Additional simple tuneable positive or negative resistance networks shown in Fig.4.5 could be
attached to node X, X' of the circuits in Fig.4.3 so that the gain can be electronically adjusted. Note
also that the amplifier bias setting voltages Vg and Vi are supplied from bias circuitries as described

in the next section.
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4.4 SECOND-ORDER FILTER AND BIASING TECHNIQUE

Amplifiers of Fig.4.3 are employed to demonstrate applications in a high-order filter design, here a
resonator as shown in Fig.4.6 whose structure is widely known [4.1], [4.2]). The resonator employs a
bias network that sets all necessary DC voltages for the whole filter without requiring any additional

CMFB amplifiers for each current amplifier.
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Fig.4.3 Proposed high-gain current amplifiers
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Fig.4.4 Signal handiing of the output stage in Fig.4.3b
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Fig.4.5 Tuneable negative and positive resistance network

Such bias set-up network (Fig.4.7) employs a feedback servo loop to set Vg for every current
amplifier so that the BC voltage at amplifier's input terminals {sources of MN1 and MN2 in Fig.4.3} is
equal to Vger=Vser. In the filter structure with cascade configuration, it is common to bias amplifiers’
Input and output terminals at the same DC level to allow optimal signal swing. Therefore, the DC

output voltage of each current amplifier shouid also be set at Vger.

In most cases of MOSFET-C or active-RC filters (cascade configuration) [4.1]-{4.5], there are always
interconnections between amplifiers’ output and input terminals via resistors (or tricde-MOS), and if
these resistors carry infinitesimal DC currents, the DC output terminal voltages of the amplifiers will be
automatically equal to those of input terminals. The second servo loop in Fig.4.7a with Vpge,=Veer is
thus needed to make sure that those interconnecting resistors carry no DC currents, where it seis
voltage Vo for every single current amplifier in the filter to make sure that M3 and M5 (M4 and M6)
carry the same DC bias current. The bias network for the amplifier in Fig.4.3b (Fig.4.7b) does not
require a second servo-loop because the output bias current of M3 and M4 is equal to M8 and M10
thanks to a common-mode rejection network as described in the previous section. Therefore the

output bias voltage is set via resistor R and it equals Vger=Vser.

Therefore in a high-order filter design, only one of this bias network is needed for the whole
filters and it thus helps minimise power consumption and silicon area since no extra CMFB amplifiers
are required for DC voltage setting up. The proposed current amplifiers in Fig.4.3 can be readily
modified into two-stage OTAs by injecting input voltage signal at gates of M1, M2 with their sources

joined together. However, each OTA necessitates high-performance CMFB amplifier at its output to set



up DC blas voltage and maintain filter stability. Such OTAs are thus not suitable for low-power filter

design.

4.5 SIMULATION RESULTS

The resonator of Fig.4.6 was simulated under 1-V supply voltage with Vger=0.5V employing 0.18um
CMOS process. Using low threshold-voltage MOS (V| = 0.25V, |Vyp| = 0.25V)

Blas circuit o\~ — OUO
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+Vlo—f\/\/\,-?—o- + =
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Fig.4.6 MOSFET-C filter employing the proposed amplifiers.
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Fig.4.7 Bias circuitries for MOSFET-C fifters in Fig.4.6.
available in the process, the proposed current amplifier was employed and compared with a
conventional balanced folded-cascode OTA ([4.6]). Note that the negative resistance network in
Fig.4.5 is also attached at intermediate low-impedance node of such OTA to allow gain enhancerent
and Q control. Transistor sizes and bias currents between the proposed CAs and the OTA were
selected such that these amplifiers consume same bias current and silicon area so that a fair

comparison is recognised. However, in the case of the OTA, CMFB amplifiers were employed to set
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up DC voltage, i.e., such OTA-RC filter requires more power consumption by design. With l=1p=2.0plA
(implemented from a simple single-transistor current source), R1=R2=R3=50k(2 (utilising simple triode
NMOS transistors), C1=C2=2pF, the filter ac responses are illustrated in Fig.4.8. At Q~10, the total
noise of these three filters (lowpass output) were found to be fairly similar and it was equal to ~ 1x10°

GVZ (integrated noise from 1Hz to 100MHz). The frequency responses of the filter are depicted in
Fig.4.8,
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Fig.4.8 Second-order filter ac response
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Distortion performance comparison of the lowpass output (all with Q~10) is shown in Fig.4.9, Fig.4.10
in which both single-tone and two-tone linearity tests are demoenstrated, where THD = total harmonic
distortion and IMD3 = third-order intermodulation distortion. Fig.4.10b indicates IMD3 comparison with
input frequency sweeps from 100kHz to 1500kHz {for roughly constant output magnitude of -26dBVp
for each tone). It can be seen that the proposed current amplifiers render superior performance over
the conventional OTA. Improvement over 15dB {for THD) and 10dB (for IMD3)} has been noticed. Note
that due to the fixed current source Ip, the lowpass filters implemented with CA in Fig.4.3a ana the
conventional folded-cascode OTA, i.e., class-A output have the same limited input range of 2R =
2x2.0uAx50k0Q=10.2V. Moreover, without a negative resistance network connected to the
intermediate low impedance node of the folded-cascode OTA, high-Q cannot be attained and linearity

is severely degraded because the transconductance of the OTA is not sufficiently high,

4.6 CONCLUSION

High-gain current amplifiers have been successfully employed as an alternative active building
block to conventional operational amplifiers or operational transconductance amplifier in MOSFET-C
and active-RC filters. The second-order filters employing the proposed current amplifiers render better
linearity performance over the conventional folded-cascode OTA. Future works include utilisation of the

proposed amplifiers in high-order filters similar to those in [4.4), [4.5] for practical applications.
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CHAPTER §

COMPACT OPERATIONAL TRANSCONDUCTANCE
AMPLIFIERS FOR LOW-VOLTAGE MOSFET-C FILTERS

5.1 INTRODUCTION

The MOSFET-C filter design technique has portrayed itself as a simple and effective method for
integrating high complexity continuous-time fillers on a single CMOS chip with large dynamic range
and accurate frequency response [5.1]-[5.4]. It has been demonstrated in [5.1] that, instead of using
an operational amplifier {OPAMP), an operational transconductance amplifier (OTA} — typically
consumes less power than OPAMP — with a sufficiently large transconductance, ¢an be employed
as the active building block of the filter. With the push towards low supply voltages in modern fine-line
CMOS processes, extensive research efforts have been witnessed on novel low-voltage OTA
structures [5.4], [5.5]. This letter introduces a compact two-stage OTA that features a low-voltage class
AB output stage with common-mode rejection. The structure and operation of the OTA is described
and analysed. This is followed by performance verification via simulation of a Sm-order filter operating

under a 0.5-V supply voltage.

5.2 CIRCUIT DESCRIPTION

Fig.1 shows the proposed balanced OTA where its input stage utilises a differential amplifier (N1-N2)
with a tail bias resistor Ry and an active load (P1-P2). The use of R, reduces the voltage headroom
requirement compared to that of a tail current source but at the expense of less common-mode
rejection. Each side of the balanced output stages consists of two common-source amplifiers (P3-P4
or P5-F6) and a current-mirror load (N3-M4 or N5-N6) with their outputs crossed connected to those
of the opposite balanced stage. Such an arrangement offers simultaneous common-mode signal
rejection and class AB operation as will be described shortly. The differential cross-coupling

transistors ND1-ND4 and NG1-NG4 with the current source lgg are included to emulate large biasing
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resistors, similar to that employed in the recent low-voltage OTA [5.4], for setting up the DC voltages
V, and V, at the drain and gate terminals of N1-N2. The desired quiescent bias levels are controlled
by V,, and V., which are in turn generated by a bias circuitry consisting of two servo loops built
around the half-circuit of the OTA. Note that, via a proper sizing, ND1-ND4 can also provide a

differential negative resistance for DC gain enhancement [5.4].
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Fig.5.1 Proposed two-stage OTA.

The common-mode rejection capability of the output stage can be viewed as a feed-forward
operation. This is illustrated by the flow diagram of the common-mode current [, in Fig.1 (grey arr.ows)
where i, from P3 (P6) is fed forward by the current mirror N3-N4 (N5-N6) to cancel out i, from P5
(P4) of the opposite balanced output stage, yielding i'w,,m = { piem = 0- On the other hand, from the
flow diagram of the differential signal i, (dark arrows In Fig.1), it can be seen that j; adds constructively
to produce i, = /.., = 2i, Unlike the feed-forward common-mode rejection technique in [5.6), the

output stage of Fig.t also provides a differential current gain factor of two and it thus entails no

penalty on the transconductance/bias-current efficiency of the OTA.

To demonstrate the class AB operation, two extreme cases of differential signal excursion are

ilustrated in Fig.2. On one side of the balanced output stage, the gate voltage, V,, is above V|, -
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[Vl {or the source-gate voltage V,_, < |V,]) driving all the associated transistors into the cut-off region
(as visualised in grey in Fig.2) and hence no output current is supplied. On the other side, V,, is beiow
its quiescent value enabling the transistors on this side to continue supplying the output current to the
load Z,. In effect, the class AB stage operates in a lateral manner where one side of the balanced
output can supply the load current while the other side is off. When compared to the conventional
push pull complementary MOS stage, this lateral class AB output has potential for a lower voltage
operation since the minimum supply voltage requirement fs not limited by the gate-source stacking of

the conventional push-pull CMOS transistors.

P3l]|-0—|EP4 ) ” PSbI-O-IEIPS
T

Nal:]|—<
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Fig.5.2 Two extremas of class-AB signal handling.

Peak voltage swing. When the proposed OTA is employed in an active-RC or MOSFET-C filter, the
maximum achievable peak differential output voltage, assuming that the filter employs a single
resistive value of R and the OTA's input and output quiescent voltages are set at V, /2, can be

derived as

( | 1 ) \/ Voo 1 ‘/ Vop !
vauf max =VDD + + - + 2 * 2
: R B, R-B, R-B (R-5,) R-By (R-B,)
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(5.1)
where 3, = 1,C,(W/L), is the transconductance parameter of the pMOS amplifier (P3-P6) and £, =
HCo(W/L)y is that of the current mirror loads (N3-N6). Based on (1), the dependence of the ratio
V, max/Vpp ON the product R-G= R, = R, and V,, is shown as a contour plot in Fig.3. The plot

suggests that in order for the OTA to achieve the peak voltage swing close to V,,, the product R
should be made large. Since, for a given filter bandwidth (oc 1/RC), the resistance R is normally
determined by the required overall filter noise (e 1/C), [ should be selected such that the R/ product
is sufficiently large. Note, however, that too excessive [ (oc W/L) may result in higher gate capaci-

tances (oc WL) in the OTA's internal nodes with consequent bandwidth degradation.

N

outmax "~ DD
800 4= -4

1000

S R R

0.2 0.4 0_ 0.6 0.8 ) 1.0
Voo V

Fig.5.3 Contour plot of V.. /V,, as function of V,, and R ‘(3

5.3 SIMULATION RESULTS

By employing the OTA of Fig.1, a Sm-order 100kHz elliptic active-RC filter, with the structure
similar to the MOSFET-C filter design in [5.2], was simulated with Spectre using a 2-V 0.18pum
CMOS process (Vqy = 0.25V, Vip = -0.25V). The transistor dimensions are as follows: N1-N2 =
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150/2, N3-N6 = 20/0.3, NG1-NG4 = 20/1, No1-ND4 = 10/0.6, P1-P2 = 15/3 and P3-P6 = 30/0.25. Ry
2
is at 50k and all the filter resistances R are at 500k(2. This together with Z= £, = £, = 1TmANV

yields R+ = 500. At V,, = 0.5V, it is anticipated from (1) {or the plot of Fig.3} that the available peak
differential voltage swing is at 0.44V, which is as large as 88% of V,,. Note that all the OTA's inside
the filter shared the bias voltages V,, V,, and V., that were generated from a single master bias

circuitry to set the quiescent voltages V,; and V.

Fig.4 shows the frequency responses of the filter under three different supply voltages. For the
intended applications at 0.5-V, the filter exhibits the differential peak output of 0.42V, at less than 1%
THD for the single-tone test ranging from 10kHz to 90kHz. For the simulated integrated noise at 158
MVims this renders the signal-to-noise ratio (SNR) of 65dB. Under the two-tone input test at 50kHz
and 55kHz, the spurious-free dynamic range (SFDR) is at 60dB. The filter's SFDR was also
simulated at different two-tone inputs (from 10kHz and 15kHz up to 90kHz and 95kHz) for various
supply voltages {0.5-V to 1.0-V), and the SFDR was found to be within the range of 56dB tc 66dB.

The whole filter including the bias circuitry consumes 100pA.

Gain, dB

-100
10k 100k 1000k
Frequency, Hz

Fig.5.4 Fifth-order elliptic filter frequency response with V,,: O = 1.0V, A = 0.75V, O = 0.5V.
The practicality of the cross-coupled biasing resistors was also confirmed by Monte-Carlo

simulation where the standard deviation of both V,, and V,, due to mismatches of NG1-NG4 and ND1-
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ND4, is within 5% of their corresponding quiescent voltages. Also, the filter shows no sign of

instability when it is subjected to a rail-to-rail surge of the supply voltage (Fig.5). The simulated SFOR

and Figure-of-Merit (FoM), defined by power/(no. of poles X cut-off frequency X SFDR) [5.3] versus

supply voltages are depicted in Fig.6.
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Fig.5.5 Voltages of OTAs’ inputs and outputs responded to a supply step change (from 0V to 0.5V)

where the quiescent voltage is designed to be approximately at 250mV.
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Fig.5.7 Simulated SFDR at different frequencies V,,: U1 1.0V, O 0.5V

5.4 SUMMARY

A compact OTA suitable for low voltage filter implementations has been developed. The circuit relies
primarily on the feed-forward class AB output stage that features low supply operation and common-
mode rejection at no cost to transconductance/bias-current efficiency. It is envisaged that the feed-
forward output configuration could be applied to current-mode circuits in general or any other circuits
with output current variables, such as transconductor {G.,), current conveyor etc. Verified through
extensive simulation, it was demonstrated that a low supply voltage filter with a competitive FoM

performance at small complexity is entirely viable with the use of the OTA structure.
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Appendix A5.1 Proof of (5.1)

Derivation of the maximum achievable peak differential output voltage (5.1) is shown as follows.

By assuming that a DC quiescent voltage of the OTA's input and output terminals is at Vg = Vpo/2.
Also when the OTAs are inter-connected inside the filter with negative feedback, the OTA’s input
voltage excursion can be assumed to be very small. Hence the OTA's output stage shown in the
figure below can be used for a maximum output voltage swing calculation, where R is a resistor

employed for feedback and it can be assumed to be tied to a fixed voltage V.
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Vax‘ min

Ve

The maximum output swing is calculated when V, increases and V,, decreases until P4 and N4
leave saturation region to triode region. This can be estimated by considering when gate voltage of
P3, P4 goes down and gate voltage of P5, P6 goes up in an opposite direction. Large amognt of
current is flowing inside P3, P4 (also mirrored to N4} while P5, P6 only carry comparatively veryclitt!e

current, i.e. Inpa, lops >> lpps, lops. Therefore the action of P5-P6, N5-N6 can be ignored.

Consider the first boundary condition when I, is sufficiently large and forces P4 to leave saturation

region into triode,

The condition is

Vsone 2 Vsgpe — [VTF’ (A5.1a)
Voo =V, 2V "‘cha - ’VTpI {A5.1b)
Vips * ’VTpI 2V, (A5.1¢)

Assuming that Ipps >> Ipas, thus the current that flows into R on the right hand side mostly comes

from lp,s of P4 (the drain current in triode region}, i.e.,
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vV -V Veons |
= < = ]D.m'- = ﬂp4 |i(VSGp4 _'V TP‘XVSDm)_ ( 624) :' (A5.2a)

Vo, —V, (VDD -V 4)2
2 - ﬂp{(vw S| A )————i-——'i-- (A5.2b)
With Vp, = V,,,
vV, -V, Voo +V
ov o] - (_ VGF4 "iVTP')‘l" ( on DFG) (A52c)
Rﬂ,us (VDD ‘Vo,-m) 2
Ve -V, Voo +V,,
WVopa +{V 1) = =2 Voo + V) (A5.2d)
Rﬂp4 (VDD - Voy) 2
Substitute (A5.2d) into (A5.1c) vields,
V.-V Voo +V,.
7 +( 2o )—voy 20 (A5.32)
Rﬂpa(vno "V-oy) 2
v
V2-2V | Vy — +VI + Y 50 (A5.3b)
’ ’ Rﬁpd Rﬂpd
There are two possible solutions to the above equation
1 LY 2v
Vs =| Voo + = [2.[| Vop +——| —| V2, + =5 A5.3c )
oy b [ DD Rﬂp4 J J( [2)5] R,GP4 J [ DD Rﬂpd ] ( )
But the only practical solution is the one that renders a voltage swing not exceed Vyp, therefore
1 1Y 2V
Vopmax =| Vop + ===l Vop +———1 —| Vjp +—5 (A5.3d)
et 2]

Similarly, consider the other condition just before N4 leaves saturation region into triode when V.,

decreases (Ipn4 IS large),
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The boundary condition is

Visna 2 Vsas "lvrnl (AS.4a)
V, 2V =V _ (A5.4b)
Vi SV, (A5.4c)

VGn4 -

By assuming that lpny >> lpps, thus the current that flows into R on the left hand side mostly comes

from lpne of N4 (the drain current in triode region), we would have

V —vo: V " 2

GT % I ppa = Boa [(Vcnd - |V Tn |XVDH4)‘— % (AS.5a)
V.-V 1%

Vigra =V 7|} = =2 Jex 4 Lor (A5.5b)
Rﬁn4vux 2

Combine (A5.5b) with (A5.4c) gives

V.-V Vv

G x| oo v, (AS5.Ba)

RﬂrMVu,r 2

V -
Vs 2—3!--&7- >0 (A5.6b)

o
nd

And the two solutions of (A5.6b) are

2
1 ! 2w,
me,b - Rﬂn4 :t\/(RﬁrmJ +[Rﬁn4J (A56C)

But the only practical solution is the one that renders a voltage swing not lower than Vg (= 0V),

therefore

2
1 1 2V
Voemin =~ + +| —= A5.6d
| Rﬁm& \/[Rﬁn‘t ] (Rﬁnd J ( )

Hence the maximum output voltage swing before P4 and N4 enter triode region is, Vouumax = Voymax —

Voxmin from (A5.3d) and (A5.6d), this renders
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Vum max [VDD +_l“—‘] _\/[VDD +--1—-J —(V;D + 2VG J —
. Rp,, RpB,, RB,,
) (5

- + +
RB.. Y\RB. RB,,

(A5.7a)

2 P4
V,M.W=VDD+[ R U I AN J W, _\/( 1 J +( 2VG)
Rﬁpd R/8n4 Rﬁpd Rﬂpd Rﬁpd Rﬁnd Rﬂn‘i

(A5.7b)

With the OTA’s input terminals being biased at half of the supply voltage, i.e. Vo = Vpp/2, hence

it ) o) )
Vrml max = VDD + + - + - — |1t
' RB,. RB. RB,. \RB,. RB..) \RB.

Q.E.D.
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CHAPTER 6

STRUCTURE OF THE COMPLEX ELLIPTIC GM-C FILTERS SUITABLE

FOR FULLY-DIFFERENTIAL |MPLEMENTAT_JON

Jirayuth Mahattanakul, Mahanakorn 'University of Technology

Phanumas Khumsat, Prince of Songkla University

6.1 INTRODUCTION

Much research work has been recently focused on the integrated low-IF receivers e.g. [6.1]-[6.7]. The
principle of the low-iF receiver is closely related to that of the zero-IF receiver and is based upon the

use of quadrature mixing and complex filtering.

Frequency-shifting is a2 well-known method to transform a real filter into a complex filter. Frequency-
shifted complex Gm-C filter can be realized by connecting each pair of the integrating nodes of two
identical real filters with a pair of cross-coupled transconductors, as fHlustrated in Fig. 6.1. The
frequency response of the complex filter is the linear frequency-shift version of that of the real filter
prototype. However, the method in Fig. 6.1 is possible only for the case of the Gm-C filter without
floating capacitor. Therefore, it can be used to complexify only all-pole filters, e.g. Butterworth and

Chebyshev filters, not filters with finite zeros such as the elfiptic filters.

Method that can be used to transform the single-ended real Gm-C filters with finite zeros into the
corresponding single-ended complex Gm-C filters was introduced in [6.8] in which the essential
elements are the quadratic imaginary resistors shown in Fig. 6.2(a). Figure 2(b) illustrates the
quadratic realization of the single-ended frequency-shifted capacitance obtained by shunting a pair of
capacitors with the imaginary resistor in Fig. 6.2(a). However, since the single-ended frequency-
shifted capacitance in Fig. 6.2(b) is composed of two fully-differential transconductors, it is not

straightforward to convert this quadratic element into the fully-differential structure.
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In this paper, the state-space and element substitution methods to transform Gm-C filter, with or
without floating capacitors, into complex fillers are proposed. Both proposed methods result in the
single-ended complex Gm-C filter that employs only single-ended transconductor, a structure that can

readily be converted into the fully-differential circuit,
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Fig. 6.1 Complex Gm-C filter derived from real Gm-C filter without floating capacitor.
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Fig. 6.2 Quadratic {| and Q) realization of (a) Single-ended imaginary resistor and (b) Single-ended

frequency-shifted capacitance employing a pair of differential transconductors with infinite CMRR [6.8].
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Fig. 6.3 Structure of the Nth-order Gm-C filter.

6.2 COMPLEXIFICATION OF GM-C FILTER USING STATE-SPACE TECHNIQUE

Consider the Gm-C filter in Fig. 6.3, which can be mathematically described as [6.12]

joCV =GV +G,V,

where
12 G,
vl G, = Gf"
Vy G

Co Y Cump ’ Co e 2 R

(6.2)
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FGII Gll GIN

G-= Gy G:zz G2~
_Gm GNZ GNN

and
[N
Z;:oqi 'an —Cm
N
C= -Gy ,,nczf' -Con
: . N.

L _CNI ‘Cm ZFUCN,'

in which C, denotes grounded capacitor at node j, C, = C, denotes floating capacitors connected
between nodes j and k and C, = 0.

Using (6.2), the frequency responses of the filter can be expressed as

V =H(a)V,
4 H (w)
VF = H’,(w) V. (6.3)
V] [Hyle)
where
H(w) = [joC-G]'G, (6.4)

Without loss of generality, we consider the 3'd-order (N = 3) complex filter in Fig. 6.4. Such a
filter comprises a pair of real Gm-C filters connected to each other by an array of cross-coupled
transconductors,

Referring to Fig. 6.4, for
G,,” Gu:2 an

G = G G - G

o =

GoNI G:wz GoNN

we have
JoCV, =GV, -GV, +GV,,,
JjoCVy =GVy +G,V +GV,,, (6.5)
where
Yiny Yuo L
vi=|0 ] and v, |V,
VN(J) VN(Q)

By defining V, = Vy, + V,q and
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L]

VI(I) VI(Q)
vy Ve
Vs Ve
the above equations can be re-written as
JoCV =GV + jG V+GV, (6.8)
According to (6.8}, for
G,=0,C (6.7)
it can be shown that
jwCV =GV + jo, CV+G V, (6.8)
which leads to
V=H (o)W, (6.9)
where
H (o) =[jw-w,)C-G]'G, (6.10)

By comparing (6.10} to (6.4), it can be seen that the transfer function Hg{@) can be expressed as
Hy(w)=H(w-w,),

which is the linear shifted version of H{w).

e
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Fig. 6.4 The 3rd-order complex Gm-C filter
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6.3 COMPLEXIFICATION OF GM-C FILTER BY ELEMENT SUBSTITUTION TECHNIQUE

Closely refated to the frequency-shifted capacitance in Fig. 6.2(b), Fig. 6.5(a) illustrates the
frequency-shifted capacitance composed of eight transconductors and a pair of floating capacitors.
According to Fig. 6.5(a), by defining the complex current and voltage variables as

I=Il,+jl, and V=V, +jV,,

respectively, it can be shown that

= j(w~w,)CV (6.11)
That is, the effective admittance in Fig. 6.5(a) is f{w —@,)C , which is the frequency-shifted version of
the normal capacitive admittance. As a result, intuitively, linear frequency-shifted complex Gm-C filter
can be realized by firstly doubling the real Gm-C filter prototype into two identical (| and Q) Gm-C
sections and then connecting each capacitor in the | section to its replica in the Q section with the
transconductance network shown in Fig. 6.5(a). The fully-differentfal realization of the frequency-
shifted capacitance in Fig. 6.5(a) is depicted in Fig. 6.5(b). It is worth noting that in the case of
grounded capacitors, the network in Fig. 6.5(a) can be reduced to the one shown in Fig. 6.6, which

corresponds to the conventional complex filter structure in Fig. 6.1.

el
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Fig. 6.5 Quadratic realization of (a) the single-ended floating frequency-shifted capacitance, (b) fully

differential realization.
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Fig. 6.6 Single-end grounded frequency-shifted capacitance.

6.4 DESIGN EXAMPLE

According to (6.2), the matrices that correspond to the elliptic filter in Fig. 6.7 are

-G -G 0 G
G=|G 0 -G|. G, =|0
0 G -G 0
and
2.178C 0 -0.486C
c=| o om0

-0.486C 0 2.178C

Conseguently from (6.7), we have

2.178Cw, 0 -0.486Caw,
G, = 0 0.733Ca, 0
- 0.486Cw, 0 2.178Ca,

According to the above matrices, the complex filter derived from the real Gm-C filter of Fig. 6.7 is
shown in Fig. 6.8 which is a single-ended structure that can be readily converted into fully differential
realization.

Alternatively, by doubling the Gm-C filter in Fig. 6.7 into the | and Q sections and connecting
each capacitor in | section to its respective duplicated capacitor in the Q section with the
transconductance network shown in Fig. 6.5(a) (in case of floating capacitors) and Fig. 6.6 (in case of
grounded capacitors), the complex filter in Fig. 6.9 is obtained. It is straightforward to show that by
combining all the transconductors that are connected in parallel together, the complex in Fig. 6.9 will

become identical to the complex filter in Fig. 6.8.
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Fig. 6.8 Complex Gm-C filter derived from the filter in Fig. 6.6 using state-space technigue.
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Fig. 6.9 Complex filter obtained by connecting the | and Q sections in accordance with Fig. 6.5 and

Fig. 6.6.

6.5 TRANSISTOR-LEVEL SIMULATION

A practical complex filter has also been designed and simulated based on the proposed Gm-
C complexification concept. The differential version of the complex filter in Fig. 6.8 has been

implemented such that the resulting filter possesses a bandwidth of 1 MHz and a centre frequency of

500 kHz with G = 20 pA/V, C = 6.37pF, and (), = 2Xx500 krad/s.

As illustrated in Fig. 6.10, the transconductor employed in the design is the pseudo-differential
resistive source-degeneration type [6.9, 6.10} connected with the common-mode stabilizing network

[6.11]. The degeneration resistor R can be tuned using a network of linear resistors in series with

78



triode-MOS resistors (Fig. 6.10b) similar to what has been proposed in [6.10]. Filter tuning can be
achieved by adjﬁsting gate voltage of the triode-MOS resistor following the same technigue presented
in [6.10). Transistors employed in the common-mode stabilizing network have also been appropriately
sized to enhance DC-gain. All the transconductors are biased by simple cascede PMOS current
sources whose gate voltage Vg is set by a single network of Fig. 6.11 where transconductor's input
and output quiescent voltages are set to be equal to Vger. Two dicde-connected MOS
{(W/L=50um/3um) emulate the fact that under a quiescent condition, transistors MN1-MN2 and MN3-

MNB in the common-mode stabilising network resemble a diode-connected NMOS. In this design the

quiescent DC voltage is set to be at 1V.

The complex 3rd-order elliptic filter derived from the proposed method has also been
compared to the complex filters with the same frequency specifications, namely the 5th-order
Chebyshev and the 9th-order Butterworth filters. As the real Butterworth and Cheybyshev filters do
not have finite transmission zero, they can be transformed to complex filters by the conventional
method {Fig. 6.1). Based on the layout of the unit transconductance cell in Fig. 6.12 and with
capacitive trimming to take into account parasitic capacitances, the layouts of the three filters under
considerations are depicted in Fig. 6.13. It is clear from Fig. 6.13 that the proposed elliptic filter
occupies much smaller area than its Chebyshev and Butterworth filter counterparts. Simulations with
parasitic capacitances extracted from the layouts have been conducted using Spectre within Cadence
design suite with 3.3-V 0.18-um CMOS process under 1.8V supply (PMOS and NMOS threshold
voltages are ~ 0.45V). Simulations results have been obtained by injecting quadrature signals into
the circuits, Simulated AC responses (magnitude and inband group delay) of all the filters are shown
Fig. 6.14. Other filter performances including the spurious-free dynamic range (SFDR), 1%-3rd-order-
intermodulation-dynamic range (1%-IM3-DR), total capacitance and total transconductors employed,
power and current consumption are listed in Table 6.1. It can be observed from Table | that, with the
same frequency specifications, the proposed complex elliptic Gm-C filter is more linear, has better
noise performance, requires less chip area, and consumes less power than the complex Butterworth

and Chebyshev Gm-C filters.

79



wIh T osve Jhh
R il 1 L-.-"‘J

— JI
Fiout -lou [ .
MNI MN2 | waws ang | wama
50/3 5043 -l 25/3 25/3
+in [: Jl_"vm
X L Common-mode stabiliser

R { 2R & DC gain enhancement

Core tran;mndumor

(a)

R1=8.5k2

101
R2=1,5KQ

101
Ra=1.45k02

101
R4=1 5k

10N
Rs=1.45kQ

101

EDAELEES:

(b)
Fig. 6.10 (a) Transconductor with common-mode stabilizer and dc gain enhancement {b)

Implementation of the source degenerating resistor [6.10).

80



. o 18V
T gve e

R

Quiescent voltage setup network

Fig. 6.11 Quiescent-voltage setting-up network for the filter.

Resistor array

/

Fig. 6.12 Layout of the transconducter of Fig. 6.10.
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Table 6.1: Performance comparison of complex filters

rd 5m-order 9"-order

Derived from | 3 -order Efliptic Chebyshev Butterworth
Technology 0.18um CMOS
Supply voltage 1.8V
Output noise integrated from 1Hz to 10MHz |  1.96x10” V* 2.96%10" V* 3.63x10" V*
SFOR 47.1dB 44 5dB 43.3dB
1%-IM3-DR 50.1dB 46.8dB 44.7dB
Total integrating capacitance 117.2pF 240.7pF 272.0pI:
Total number of unit Gm's 32 48 66
Power consumption (static) 1.54mwW 2.14mw 3.01mwW
Current consumption (static) 0.86mA 1.19mA 1.67mA
Area 0.72mm’ 1.22mm’ 1.59mm"

6.4 SUMMARY

We have presented two different methods, basing on state-space and element substitution, to
transform the real Gm-C filters with floating capacitors into the corresponding complex Gm-C filters.
The resulting complex filter structure is suitable for fully-differential implementation using widely-used
fully-differential transconductors. To demonstrate the proposed method, the fully-differential complex
Gm-C filter was realized from the 3rd-order elliptic Gm-C filter. It was found that with the same
frequency specifications, the elliptic complex filter derived from the proposed method outperforms the

Butterworth and Chebyshev complex filters in terms of noise, linearity, area, and power consumption.
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CHAPTER 7

CONCLUSION AND FUTURE WORKS

7.1 CONCLUSION

The research work carried in this project has been focused on analog integrated circuit design

technique for filtering applications in CMOS and BICMOS technologies. Achievements in this research

can be summarized as foflows
® Current-feedback technique has been adopted to improve linearity of the resistive source.-

degenerated transconductor

® MOSFET-C filter employing proposed operational transconductance amplifier {OTA) and

operational current amplifier

® Dual-mode feedward technique for enhancing a differential-mode gain and at the same

time eliminating commeoen-mode signal.

® Realisation and implementation complex elliptic Gm-C filter which includes floating

capacitors

7.2 FUTURE WORKS

Low-voltage techniques investigated from this research can be further developed and integrated into
larger systems for low-voltage, low-power applications such as wireless communications and

biomedical. To achieve such goal, more critical design issues have to be addressed as listed below

® | ow-voltage low-distortion tunable resistor suitable for MOSFET-C filter



Adaptive phase compensation analysis and design techniques for low-voltage gm-C and

active-RC filters without sacrificing power consumption

Design techniques to overcome common-mode instability for low-voltage active-RC

(MOSFET-C) and gm-C filters

Filter chip layout, fabrication, test and measurement to verify the proposed design

techniques.
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Deslyn of 1.8V CMOR Polyphase Filler tor Dual-Mods Blustocth/ZigBes Transcelver o)

Design of 1.8-V CMOS Polyphase Filter for
Dual-Mode Bluetooth/ZigBee Transceiver

Phanumas Khumsat ! and Apisak Worapishet 2, Non-members

ABSTRACT

A dual-mode Blustooth/ZigBes low-IF polyphase
channel filter has been designed with 0.18 um dig-
ital CMOS technology based upon transconductor-
capacitor {GmC} siructure. The flter has o fifth-
order 0.5dB equiripple Chebyshev bandpuss response.
It achieves & signal-to-noise ratic of 62dB and in-
put, referred third-order intermodulation intercepi of
33dBVp (for distant blocker interforence). The filter
conrumes a maderats power of 2.5mW from a 1.3V
single supply in both modes of operation.

Keywords: Transconductor, Gm-C, complex filter,
Bluctooth, ZigBee,

1. INTRODUCTION

Thelow-intermediate frequency (low-IF) polyphase
architecture has amerged as the praferrsd approach
for achieving the required sensitivity in fully inte
grated wirelese transceivers (1), [2]. Mainly driven
by cost and powar consumption, standard CMOS
solutions for applications such as Bluetocoth (IEEE
802.15.1) and ZigBee (IEEFE 802.15.4) have set new
challenges for circuit designers at both circuit and
sysiam levels. Bluetooth system has widely eatab-
lishex] itself in various well-known applications includ-
ing wireless headsats, fila sharing and printing, while
ZigBeo (also known as HomeRF Lite) is used for very
simple wirsless connectivity. The addition of ZigBee
capability to a cell phone could enable the control
nf devices such as lights, slectronic devices and cen-
tral heating using the mobile handset. A dual-mode
transceiver solution is being daveloped because in the
ptice sensitive matket for mobile devices, it is essen-
tial that this capability be added for minimal extra
coat. Neting thal coexistencs issus of the two stan-
dards on the samn [requency band is thoroughly dis-
cuseed in [EEE Standard 802.15.4,

A polyphase filier or complex filter represents one
of tho key components in low-IF polyphase recelver.
Owing to its asymmetric amplitude responae, it has
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an ability to pase wanted channel signal while effi-
ciently raject neighbouring channel interfarams as well
as unwanted image. A polyphase Rlter in this work
is based upon transconductor-capacitor structure be-
cause of ita simplicily, tuneability, linearity and high-
frequency performance. The transconductor core cir-
cuit follows a linear, wide-tuning, low-noise and com-
pact soutce degeneration type from [3 where the
common-mode feedback and de gain enhancement
has employed a single network according tn the topol-
ogy originally proposed in [4].

2. REVIEW OF COMPLEX FILTERS

Fig.1 shows the basic principle of the complex fil-
ter. Starting with a real low-pass filter, the trans-
formation s -+ & — oy is applied. This shifis the
poles up the imaginary axis by wp and transforms
the lowpass response into an equivaient bandpass ro-
aponsa centted al w = wy. The transformation pre-
sarves both amplitude and phasa characteristios and
produces the requited fsature of having no image re-
sponse at negative frequency. Synthesis of complex
filters follows similar procedures to thoss for real fil-
tars except thal it makes use of complex integrators.
Fig.2 showe tranaformation from real 1o complex in-
tegrators implemented in the G, technique. The
transfer characteristic of the complex integrator in
Fig.2(b) is deacribed by,

fouels) _ G
Sl on s Sl rreyors L
where wy is frequency shift given by wy = Go/C. This
demnonstrates that Lhe transformation s — 8 —wy has
been performed s required.

im
shifted
x

" ¥

== Hisdoy)

24| o He)

x ¥ | Re
low-pass

Pig.1: Complex filter basica
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Fig. 2: Current-mode Gm.C integrator [o)resl
(b Jeomplex.

3. TRANSCONDUCTOR CiRCUIT

The variable wide band rasistor source-deganeration
tranaconductor proposed in (3] possesses many ad-
vantages including good linearity, low-noise, high fre-
quency capability acd low supply voltage. However,
such structure inharits » coople of weak poiots that
need spacial attantion. This type of transconductor
structurs it prons to common-mode instability when
employed for filter realisation. It is thus necessary
ta deploy » common- modes fasdback loop comprising
common-made vollage sensing and error amplifiera.
Moraover & low dc gaio of the transconductor neces
sitater an additionai negabive conductance network
to provide sufficient dc gsin in order to achieve a
required filter’s frequency resporise. As depicted in
Fig-3, instead of using two separate networks to en-
hance common-mods stability and dc gain, a single
network {MN3-MIN8) adopted from the Lopology pre-
sented in [4] is employed. [ts main featuts is to ensure
common-mods atability whare the network forms a
low impedance load for common signals and a high
impedance load from differential signals, effectivaly
resulting in commor- mode stability. The technoique
has been succasstully demopstrated with G0 fil-
tats based on an invartar-type teansconductor [5)-(9).
‘The sacond important feature is to hetp increass do
gnin of the ttansconductor And this can te sim-
ply achisvad by szing transistors so thal a pogitive
faecdback cureant fronn MN5S MNG s highet than the
negative feedback from MN3 MN4, Two-in-one func-
tionality thua aliows additional devices to ba kept
at minimum; hence this helps save axtra ailicon area
and powar consumption. The transconductor in Fig.3
possasses @ nominal transconductance velue of 0u8
{Vpz = Q.TV). Note that siruple cascode PMOS cut-
rent sourcas ate amployed to supply bias cursents to
the tranacanductor. The transconductor alao deploys
& tuning techoique Tom.[3]. Five tuning steps are
required in this case to ensure a transconductance
continuous awoep of +50% from the nominal valua,
each tuning voltage ¢an ba varied between 0.6V and
1.8V to adjust degeneration NMOS triode resistance.
At any Limw, only ote pair of these degenaration

w {bh ¥ Vo J"‘l h‘"
EETI I I T+
w, 1" B
wel o e g}
wit T ten T T
'.5 b4 Roetea § -

3 1§ =i ey §

BT ok ;

b3 e Rm A

H i
§ gt B Rz om
V..
L] ”h*"*ﬂ -
g -
L ormn-iv-ou St
Cere transconduclor L5 gan starcament

Fig. 8 Transconductor with common-mode stabilizer
and de gain enhancement

NMOS's is on and the one-side degeneration rusie-
tance Ry is (only one Ve, ia on}

1 1
Ra e SN + ; Bn (@
4y Cow 8Rd Vin sre conventional parameters for
NMOS transistor and the differential transconduc-
tance is sppreicnately squal to 1/R.  To ensure
a continuous transconductancs sweep, the ladder re-
sistors bave to be dasighad according to (4) so that
the adjacent, tuning stepe hava adequate tranaconduc-
tance overlapping ab their tuning boundaries when
Vp, i3 switched from one step to another. Hecause of
a limited maximum available tuning voltage of 1.8V,
a wide triode resistance variation can be achieved
by employing a low threshold voltage NMOS device
{Vip = 0.4V) available in the technology as a tuning
tricde- MOS resistor. Howevar, it Is typical to have
lazge Vi for the core transconductor MOS, MN1.
MN2. This is becauss it normally happens that drain
and gate voltages awings in opposite directions (some-
times with the same maghitude) from the sama qui-
ascent. voltage (due to filter's cascada and faadback
structure) and baving a largs Vi device will bkelp
maintain the transistors in saturation for lacge signal
ewing. Note that some of the transistors and resis-
tory within the common-mode stabiliser (deawn in the
light shade} can be omitted ta aave chip area without
severely disturbing the citcuit oparation. It bas only
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been included in Fig.3 to imitate the cote transcon-
ductor structute. Compare this transconductor to
the class-AE invertar-type MOS transconductor e
ploved for & dual-mode polyphase fitte: in |7], (8], [0},
the proposed transconductor is inherently insensitive
0 supply voltage variation and it oparates io a clasy
A manner.

4. FILTER DESIGN

A 5M.oedar 0.5dB equirippla Chebyshev compiex
filter dapicted in Fig.d is chosen for this wotk [7}-(6].
The dasign values for ZigBes and Bluetooth responsas
ata givan in Table [. Notice that the design values are
half of thase used ia [7]-[9] in order to minimise powar
consurpption not higher than 2.5r0W {this moderate
power consumption has also been achievad by the Sthe
order polyphase flitar in [10]).

Fig.4: (Thannel filler archileciure,

Table 1: Design values for dual-mode filler

Parameters | Blustooth | ZigBew
] 20,8 10,8
G B6.86,5 | 66.86,8
Gaa 4199,3 | 4190,8
Gus 84.10,8 | 84.70,5
[ 4000,8 | d0.6a,f
Gus BE.H6,E | E6.86,3
Cy 05, F | 4Bi,F
Ca 6EL,F | 8.a1,F
=] 18 d6p,F | 674, F
[ SELF | 8.37,F
[=3 905, F 4.8, F

A single feodback loop circuit shewn in Fig.5
satz quisscent voltage Vg g for all transconductors
within the fiter. The diode-connectsd MOS8 (W/L ~
$0,,m/3,m) emulates the fact that under a quiescent
condition, transistors MN3, MNS and MN4, MN6
within the common-mode reject network in Fig.3 re-
gemble a diodeconnacted NMOS. In this design the
quisscent voltage is set to be at 1V. [+ should be also

notad that the op-amp employed in Fig.§ is not re-
quired to be high performance, bence it can be essily
designed under 1.8-V supply.

3
EA-
<

L

CrbmsgCms v JOUr L bk

Fig. b: Quiescent voltage selting-up circuitry

5. SIMULATION RESULTS

All the simulations have ween carried out using
Spectte with Cadence design suite. Simulatad fre-
quency response of the complax filter employing 8.3-
V 0.18 um digital CMOS process iz shown in Fig.6-
Fig.® Tt can be sesn that the simulated responses
ara very close to ideal. Note that the actual capacitor
valuas have bean wrimrmed according to the method
described in [8] to taka parasitic capacitance into ac-
count. Fig.B shows two modas of oparation (Blue-
tooth and ZigBee), obtained by switching the values
of capacitot with the common et of transconduciors.
Fig.7 itlustcates frequency tuning at nominal and two
extremes by adjusting tuning voltage. This center
frequency tuning capability of ; 80% is more than
enough to encounter process and temparatura varis-
ticns.

om
o
D
e
)
SR&!
oart
CINY
v
ok
AT A R
Fhny )

Fig.6: Filler mode swilching

Thae filtar comman-mode tejection ability bas bsen
investigated by measuring common-mode signal fre-
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Fig.8: ZigBee's passband response

quency response and compare with differential signal
as show in Fig.9. It can be seen Lhat although the
structure of Fig.3 does not reject common-mode sig-
nal locally, but globally the Rlter dues have ability to
supprees common-mode signals, The flter hax also
been subjected to a Lransient common-mode step te-
aponae stability test [3], and the results guarantes its
unconditional stability as illustrated in Fig.10.

. o
ardth g Famte SeHR

§w
12
] /
]
[L IR PP R R
Froapugnny (MHZY

Fig.9: Filter's frequency response; differentsel vs
common-mode {vingle-end output)

The ZigBee output differential noise is shown in
Fig.11 where the total output noise integrated over
the 100MHz bandwidth renders output noise power

ECT] TRARSACTIONS ON ELBCTRICAL ENG., ELECTRONICS, AND COMMUNICATIONS YOL.4, NO.1 Februmy 2006
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Fig.11: Notse response (ZigBee made)

voltage of 2.5 x 10-7¥2. The ZigBee signal com-
preasion characteriatic of ZigBee-mode flter is shown
in Fig.12 and it demonstrates a linear gain up to
an input amplitude of TVp (0dBVp) differential and
an input referred 1.dB compression point of 1.50Vp
{or 4.03dBYp) differentinl (with corresponding out-
put voltage of 0.68Vp). The signalto-noise ratic is
thus found to be 62.3dB. The in-band spurious free
dynamic range (SFDR), where the inter-modulation
product has the same power ae the filier noise, is
found to be 51,3dRB and 53.4dB for ZigBee and Blue-

4¢ —
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7 o : % o
5 et R =
FR- N 4
§ 400" X
é 504 ./mﬁmlmwmxmp:m
i &
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30 20 10 0 10 20 30 40
Input (BV {dillereriag

Fig.12: Third-order intermodulation)
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tooth modes pespoctively. Out-of-band intermodu-
lation of the distant blockers was also simulated as
also shown in Fig.12 for ZigBes case (inputtones at
6MHz and 10MHz for ZigBes and 3MHz and SMHz
for Blustooth). [t shows the ZigBee third-order inter-
modulation characteristic indicating an input tefarced
thicd-order intercept point {I1P3) of 33dBVYp differea-
Lial with corresponding out-of-band SFDR of 59.64B.
‘The whole filter drawa a total currect of 1.38mA from
a single 1.8.V supply. Tha overall performance for
both medea is xurmmacised in Table 2.

Table 2: Summarised filer performance

Filler Rmporae Chebyshev
Filter Crdar 645
Filer npple 0%JB
Supply wollage 1AV
Provem 8.8V, 018,
mZMOS
Supply cucrant 1.38mA
Mads Bluetosth ZigBem
Cantre Fraquency LMEa 1MHa
Bundwidth 1.2MEs 1.4 Hz
HBandwidth 1.2MHAs 2 4AMHA:
Gain -6&.18dB -5.1648
Cutput noise 14X 1077V | 1ax10mTY
Input 1dB Comp. 156Vp 150Vp
Signal Nciss (SNR) 84948 €2.8dB
1IP3 (dimant blocker} 36 4dBEVp 48dBvp
8FDR
(a}Dimtant blocker 62.1dB 50640
{b) In-band ¥3.4d8 51.3dB

6. CONCLUSION

A 1.8V CMOS dual-mode fifth-order polyphase
Gm-C filter for Bluetooth/ZigBee transceivar has
been designed. The complex bandpass filter is based
on Grm-C flter structure with appropriate crossing
transconductora to shift lowpass responss to the re
quited [F frequencias, Tt daploys a simple source
degeneration transconductor integrated with a et
work, which could simnitanesusly ptovide common-
mode stability and de gain enhancement.
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[LETTER

Compact Two-Stage Class-AB CMOS OTA for Low-Voltage

Filtering Applications

Phanumas KHUMSAT!™, Nonmember and Aptak WORAPISHET!, Member

SUMMARY A vomput OTA witable for krw-voitage active-RC and
MUSFET-C filiers s presemtod. The it siage of the CTA wiilises the re-
wstive tail-bueod didlereatial smplifier snd the oupst sage relicr upos. the
teeul faewand clans AB ique with e rejection capabvility
that incurs w0 posalty nn dascoaductancehiss-cument efficiency, Anal-
yotn 4 the schicvable peak woltage swing of the OTA wiea employed in
filters is geven. Sinwlaton resubn of & 6.5V 100-kIlz elliptic Sth-order
fiier based um the UTA's 1n 3 2-V 0,16 pm CMUS process iodicale the dif-
ferential peak voltage ailange as (.42 V, (R4% of the supply vokage) of |1%.
THD with the SR of 60J8 ad the Wil poser comsumption. of 59 4W.

key words: apeastionol transconductince smplifics, OTA, active-RC flters,
MOSFET C filiees

1. latroduction

The MOSELTE-C Glter design lechnique has poruayed iwsell
as & simple and effective method for integrating high com-
plexily continuous~ime lilters on g single CMOS chip with
lange dyramic mige and securare Mreguency respoase |-
{41 1t has beci demonstrated ja (1] tat insicad of using
an aperational anagiificr (OPAMP), an operstionad ranscon-
duclance anmtitier ((JIA)— iypically consumes less awer
than OPAMP — with a sutficicnuy large transconduciance,
can be employed as the active building block of the til-
ter. With the push towards [ow supply voliages in modem
ting-line CMOS processes. extensive research effons have
heen witnessed on novel low-voliage OTA structures (4),
[5). This leter introduces u compact two-stege OTA Wl
Teatures 4 low-voliage class AB oulput sige with common-
mude rejection. The structure and operuion of i UTA is
duscribed and analysed. This is fotkowed by performance
veriticition via simulation of a Sih-erder filter operating un-
dur a (1.5-V supply vollage.

2. Operational Transconductance Amplifier

Figure 1 shows the proposed balanced OTA where its in-
put stage wtifises & ditferential amplifier (N1-N2) with a 1ail
bius resistor Rey und an acuve load (Pl P2} The usc of
Ky redices the volage headroom rcq compared
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to that of o wil curmet source but at the expense of less
comman-mode rejection.  Also, W primote very knw sup-
ply voltage requiremcnt, sanwated moderale fo weak jimver-
sion oporation similar o the pscudo-differential input pais
in [4] should be adopied for N1-N2 where their quicscent
gate-source voltage is set st below their theeshold voltage.
For the belanced output stage, each side of the circuit con-
sisis of two common-gource amplifiers (P3-P4 or PS-)
and a curment-mimor load (N3-M4 or N5-N6) with their out-
puts crossed connected 1o those of the opposiic balanced
sage. Such an gement offers. simul ¢

mede signal rejoction and class AB operation as will be
described shorly. It should he noted thay the oulpul stage
Lransistors can also operaie in moderite inversion & guies-
cent condilions. B when o large signul s applicd, their
operations will be moved 10 swong inversion lor larger cur-
rent hadling in a class-AB fashion. This is in coutrast Lo
the inpt amplifier N1-N2 whase operation always stays in
moderale inversion duc o the virwal ground created ut their
inputs when: the (FIA is eaployed inside filler sirucwee duc
Lo high gain negative feedback koaps.

The differential cross-coupling transistorx Nul-Nopd

and Nﬁl-NtH wah the cument source Iye arc inciuded to

farge bi istors, simidsr w that cmployed in
the recent low-volugc UTA [4), for setting up the DC voli-
“ges Vyy and Vg al the drain and gate torminals of N1-N2,
The desired quicscent bias levels are controlled by Vige and
VYea which arc in wm generated by u bias cireuitry consist-
ing of two servo loops built around the Julicircuit of di
OTA. Noic that, via a proper sizing, Mul-Nud can also pro-
vide a diflcrential negative resistance for DC guin eahanuce-
meat M4, In typical MOSHET-C o active-RC liller struc-
wres (ladder-based, cascaded cte.), there arc always inicr-
councetions between the cutpul and inpes worminaks of te
same of dilferemt OTA stages through triode-biased MOS-
FET or lincar resistors R. Following this, since the inpurt
DC voliage of the proposed OTA of Fig. ! is sel at a well-
defined voluge Ve, the output DC voltage for cach of the
OTA's is autontically st at the sume Vy;, if the filter re-
sislors R carvy infisiscsimal DC currents as of typicat cuses.
To allow optimal signal voliage swing, the OTA's input and
oulput lamainals me porinally solal Vg = Vig/2,

The common-moede rejoction capahility of the outpul
stage can be viewed as a feed-forward operation. This is
illustrated by the flow diagram of e common-mode cur-
rent i in Fig, | {grey armows) where i from P3 (P6) is
led forwand by the cument micror N3-N4 (N5-N6) w0 can-
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Fig.1  Proposed two-stage OTA.

fal (h)
Fig.2  Two exuemes of class-AB signal handling .

el VUl i Trom P5 (P4) of the opposite balunced output
stuge. yieling i, = i, = 0. On the other hand, from
the flow diagram of the differential signal iy (dark arrows
in Fig. 1). it can be scen that iy adds constructively Lo pro-
duceiy, =i, = 2ig. Unlike the feed-forward common-
made rejection echnique in [6], the output stage of Fig. |
also provides a dulferential current gain factor of two and it
thus entails no penally on the ransconductance/bias-current
cfficiency of the OTA

To demonstraie the class AB operation, two extreme
cases of differential signal excursion are illustrated in Fig. 2.
On one side of the balanced output stage, the gate volt-
age, V., is ubove Vi = [Vl (or the source-gate voltage
Ve < IVzpl) driving all the associated transistors into the
cut-ofl region (as visualised in grey in Fig. 2) and hence no
output current is supplied. On the other side, V,, is below its
quicscent value enabling the transistors on this side to con-
Linue supplying the output current 10 the load Z,. ln eflect,
the class AB stage operates in a laieral manner where onc
side of the halanced output can supply the load current while
the other side is off. When d 10 the jonal
push pull complementary MOS stage, this lateral class AB
output has potential for a lower voltage vperation since the

R8, v

Voo V

Fig. 3 Comtour plot of Vi mea/Vips a5 lunction of Vi and K-

minimum supply voltage reguirement is not limited by the
gale-source stacking of the conventional push-pull CMOS
Lransistors.

Peuk vollage swing: When the proposed OTA is ¢ in
an active-RC or MOSFET-C filter, the maximum achicvable
peak diffcrential output voltage Vo, .., can he derived basod
on strong nversion operation at karge signul. Assuming that
the filter employs a single resistive value of R and the OTA's
input and output quicscent voltages are set at Vnn 2, Vi max
is given by

Voama = Viop + (—l + —I ) - Voo + m-——r—I 3
R-Bp  R-Bn R-Br  (R-Bp)
Voo 1
“AMe =t T (1))
\}R Br (R-By)

where Bp = ppC, (W/L)p is the wansconductance parame-
ter of the pMOS amplifier (P3-P6) and Sy = unC, (W/L)y
is that of the curremt mirror loads (N3-N6). Based on (1),
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the dependence of the rutio V., e/ Vap on the product R -8
=R -8p 2 R By and Vpp is shown as & contour plot
in Fig.3. The plot suggests thal in order for the OTA
achicve the peak voltge swing clase 10 Vpp, the product
K - # should be made large. Since, for a glven Alter band-
width (o 1/RC), the resistanee & is normally deiermined
by the required overall fiter ks (x 1/C), 8 should be sc-
levied such thal the R - 8 product is suflicieatdy large. Note,
h . that 100 sive 8 (or W/L) may result in higher
gate capaci-tances (« WL) in the OTA’s intemal nodes with
consequent bandwidth degradation.

3. Simulation Results

By cmploying the OTA of Fig. I, a Sth-order 100KHz cl-
liptic active-RC filler, with the struciure stmilar (o the
MOSTETLC M design in [2), was simuluted with Spec-
e using a 2-¥ 0,18 ym CMOS process (Vry = 0.25V, vy,
= ~0.23 V). The transistor dimensions ace as follows: N1-
NI = [50/2, N3-N6 = 20403, Nal-Nod = 2¢), Nol-Npd =
1.6, P1-P2 = 15/3 and PA-P6 = J0/0.25. Rys is a1 S0k
and all the filier resistances R are at 500kil. This wgether
with 8 = By = B = | mMA/V? yiclds R - 8 = 500. AL Vi,
=15 Vit is anticipated from {1) (or the plot of Fig. 3) that
the ivailable peak diflerential vollge swing is al V.44 v,
which 1« as large as 88% of Vyy,. Note thut ali the OTA's
1n¥ide the rilier shared the bias voltages Vea, Vog and Vg
thist were gencrated from; a single master hias circuilry to set
the quicseenl vollages V; = Vp = 025V AL Vg = 025V,
the guiescent gate-source vollage of N1-N2 is at 0L15 V for
the Ll bias current through Ry at 2 A und the input ditfer-
ental par operales noar weak inversion,

Ligure 4 shows the frequency respouses of the filler
urder three different supply woluges. Foe the intended ap-
plications at (.5-V, the filter exintits the differential peak
ouipul of 0.42 ¥, ut less than 1% THD for the single-tone
Lest runging Grom |0 kHz to 90kHz. For the simulated inte-
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Fig. & Filth-neder clipay filier frequency respomae with Vo, o = 1.0V,
ATV O3V
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gruted Roisc at 158 4V, thiis renders the signal-lo-noise ra-
tio (SNR) of 65 dB. Under the two-tone inpart test st S0 kHz
and 35kHz, the spuriovs-free dynamic range (SFDR) is
ul 60dB. The dilter's SFOR was also simulsicd st differ-
ent two-tone inpats. (from 10kHz and 1SkHz up 1o 90kHz2
and 95kHz) for various sepply voltages (0.5-V w L0-V),
and thc SFDR was found w he within the range of 56dB
10 66dB. The whole fllver iacluding the bias circuitry cop-
sumes 10uA.

The practicality of the cross-coupled biasing resistors
was also confirmed by Moeie-Carlo simulation where the
stundard deviation of bath Vg and Vy,, duc W mismatches of
Nal-Neod and Nul-No4, is within 5% of their comesponding
quicscent vollages, Also, the filter shows no sign of insta-
biliy when it is subjected W a ril-1o-rail surge of the supply
voluge (Fig. 5). The simwlated SFDR and Figure-of-Merit
{(FuM), defined hy powerfmo. of poles X cut-off {requency
% SFDR) [3] versus supply vollages arc depicied in Fig. 6.
The lilter performances we saunarised in Table |,

00
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Fig.5  Voluges of OTAs' inymers. el oupuss. wesponded 1 & sapply step
change (from Y to A5 V).
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Fig.6  Simulacd SFOR. FalM verws Vig: 0 SFDR. o fold,
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Munimuns supply voltage 4.5V
Filter type S"-ocder Elliptic lowpass
Bandwigh 100Kz
NR oo.cesdB ]
' SFTIR - S6d et
'_T‘nw:r comsumipkion SUpW

4. Conclusion

A compact OTA sultable for low wllage Alier implementa-
tions has heen developed. The circuit relies primarily on
the fecd-forwurd class AB output suge that Feawres low
supply opcration and common-mode rejection AL no cost o
transconductance/bias-current efficiency. It is envisaged that
the feed-forward outpul configuration could be spplied 10
current-mode circuits in general or any other circuits with
vutput current variables, such as transconductor (Gy,), cur-
renl conveyor etc. Verificd through extensive simulati

it was demonstrated that a low supply voltage Hiter with
a competitive FoM performance al smzll complexity is en-
tirely viable with the use of the OTA sttucture.
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Structure of complex elliptic Gm-C filters suitable for
fully differential implementation

J. Meahattanakul and P, Khumasat

Abstract: The complexification method of Gm-C filters 1 prescnied, Unlike the previowly

thod d methad i
"]

for the

fe Ll
complex Gm-C fitlers with @inite zcros. Based upon the proposed

ion of the fully differential
nn l- 1 i or

the third-order elliptic Gm-C filler is demonstrated and the practical transistor-level simulation
resulis of the resulting complex filier are also given.

1 Iatroduction

Much research work has been recenly focused on the inte.
grated low-TF receivers |1 - 7). The principle of the low-IF
receiver is closely relawed to that of the zero-IF receiver,
and is based upon the ust of quadratwre mixing and
complex filtering.

Frequency-shifting is a well-known method 1w transform
areal filier int a complex filter. Frequency-shifled complex
Gm-C fifter can be realised by connecting each pair of the
inlcgrating nodes of two identical real filters with 2 pair
of crosscoupled tr ductors, as il d in Fig. 1.
The frequency response of the complex fifter is the lincar
frequency-shift version of the reul filter prototype.
However, the method shown in Fig. | is possile only for
the vaxc of the Gm-C flter withot Aomting capacitor.
Therefure it can be used 1o complexify only all-pole
filters, for example Buticrwosth and Chebyshev filters,
and not filters with finite zeros such as the elliptic fikers.

The method that can be used (o transform the single-
ended reat Gm-C fillers with finite zeros inwo the
carresponiding  single-ended complex Gra-C filters was
introduced in [%], in which the essemtial ¢lements were the
quadratc maginary resisiors showm in Fig. 2e. Fig. 2+
lustrates the quadratic reslisation of the single-ended
frequency-shifted capaci btained by shunting a pair
of capacitors with the imaginuy resisior in Fig. 2a.
However, since the single-cnded frequency-shifted capaci-
lance o Fig. 20 is composed of two fully diffcrential
transconductors, H is not straighttorward W0 convert this
quadratic element into the fully differential structure.

In this paper, the stae-space and cloment substitution
methods to transtorm Gm-C fillers, with ar wthout floating
capacituts, inte plex fillers are proposed. Both the pro-
posed methods resull in the single-ended complex Gm-C
flier that employs only single-ended trmsconducior, a
structure that can readiy be converted into the fully differ-
ential circuit,

{1 The lituzion of Engineering and Technology 2007
dor t © 4 (19 ic-odta: HGA0 144
Puper fus: recerved 29h November 2006 aad in revisod focm 30th Al 2007

1. Mubaundicul 11 with the Departament of Eloctramic Enginsering, Maomaiorn
Umiversizy of Technology, fangkek E0530, Thastend

P Knoumat o with the De; af E ical Fugi ing, Faculty of
Lagiaceiag, Prowce of Songhda Unrveruty, Hie Vi, Songidla 901 12, Thailasd

F-mail naw onas kidlpeu w:.th

FET Gorvurts Deces Sprt . 2007, 4, (4, pp. 175 262

2 Complexification of Gm-C filter using
state-space tochnique

Consider the Gm-C filier in Fig. 3, which can be mathemat-
ically described as [9)

JuCV = GV + G¥, {1
where
[ Vl Gu
¥ G,
¥= .2 G, = ,-'
L i G
Gy G, - Gy,
Gy, Gy - Gy
c=| " 7 ;
_GV‘ Gk’! i GW
and
Z;”:n C:, -Gz o —Cin
-Gy m.cy e =Gy
C=
-y —Coz TleCy

in which Cyy denvics grounded capacitor it node , Ca — Cy
denotes floating capacites canmected between noudes j and k
and C; = Q.

Using {1}, the fiequency mesponses of the filter can be
expressed as

V = H(w)¥,
¥, H(w)
¥, Hy(w) @)
= : V‘
Fy Hylw)
where
fH{w) - [ jo - GG, T
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Fig. 1 Compla Gm-C flur dervived from real Gm-C filter
without floating capacitor

Withinit {osi of generality, we consider the thrd-order
(¥ — 3; complex flier in Fig. 4. Such a flter comprises s
pair of real Gm-C fikers connecied wo each other by an
array of crore-coupled wansconductors.

Fg.2  (uodratic (7 and ()} realisstion

2 Sing.cended Wneguary senstor
& Single-snded frequency-shufted cypacitance ewploywng & par of
dhifferentia] rsnsconductors with mfimte CMRR {5}

276

Fig.3 Strucnwre of the Nehorder Gm-C filter

BYAYAY!

1

-
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RlviviViy

YatataYataYaYa¥atal

Fig. # Third-onla complex Gm-C filter
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Fig.6 Single-end grownded fequencyrhified capacitance

- ¥l . By defining ¥, = ¥y + Ve and
I &
‘(‘—r't - Vi F Vi
1 P | Vg
: V- RN
j i Yy L¥ug J
the above equation can be re-writien as
n JoCV = G¥ + jGV + GV, (5}
- According to (5), for
G, = w,C 0]
it can be shown that
JuCV = G¥ + jw,CV + GY, 0]
which leads 1o
1 ’J.:‘!‘!"“ia‘f' V= HywV, (8)
v
& where
Fg.5 Quadran: realisation . -1
= - -G|7G $)
2 Smy.c-ended foating frequency-slufied capscitance Hylw) [](u o) ] ! ®)
b Fully &ffgeatis maliation By comparing ($) and (3), it can be seen that the mansfer
function ffg(w) can bc cxpressed ag
Ho(u) = H{w — w,)
Refermmg w Fig. 4, for which is tht Imcar shifted version of /()
Gy Gz - Gaw 3 Complexification of Gm-C filtar by slement
¢ G Gup - Gax substitution techniqus
[ : : : Fig. Sa, which is closely relaed to the froquoncy-shificd
G Gz Goun :q-:imce im Fig. 2b, i‘llwn_ms that the frequenqvmiﬂc_d
=p  oomp of cight tors and a pair
we have of Bosting capacnors. Accordag to Fig. Sa, by defining the
ocomplex current and vohags vamiables as
JuFy = 6] -G,V + Gl g I=h+id =V =¥ +j¥,
“)
JuCV o = GVy + GV, + Gk
where L
v - e !
M Yy =
Yoy ‘v P <+
\= . an = .
1~ : H Fiy.7  Thirdorder elliptic Gm-C filter (uy, = G/ () with 1.0 dB
LT Py passband aftenuation (U < & < wyj and 25 dB stopband atteny-
adion (w > I Suy)
16T Circwazs Devices Syt Vol 1. No 4, dugust 2000 m
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Fig. 10 Transconducror and degeneration resistor

2 Trensconductor with common-mode sabiliser and DC gan
zuhanzement

b Implementation of ths source degenerating redistor [11]

respecuvely, it can be shown that

I = j(w - w)CV (10)

In other words, the cffective admittance in Fig. 5a is
Jlw = ws)C, which is the frequency-shified version of the
normal capacitive adnuttance. As a result, intuitively,
lincar freq y-shifted complex Gm-C filler can be
realised by first doubling the real Gm-C filter protorype
into two identical (I and Q) Gm-C sections, and then con-
necting each capacitor in the I section to its replica in the
Q section with the transconductance network shown in
Fig Sa. The fully differential reali of the frequency-
shified capacitance in Fig. %a is depicted in Fig. 5b. It is
worth noting that in the case of grounded capacitors, the
network in Fig. 5a can be reduced tw the one as shown in

. 18V
e Jhe

i 1003

o it I -
i --|[:L 503 Vige= 1V
R
Quiescent voitage setup NEtWors

Fig. 11 Quiescen-voliage setting up retwork for the filter

IET Circutte Dievices Syst, Vol |, No 4, Augwst 2007

Fig. 6, which ds to thc con | pl

)

filter structure in Fig 1.

4  Design example

According to (1), the matrices that correspond to the elliptic
filter in Fig. 7 are

-G -G 0 G‘t
G=| G 0o -G|, G=|0
0 G -G o
and
2.178C 0 ~0.486C
C= 0 0.733C 0
-0.486C U 21MC
Consequently from (6), we have

2178 Cw, 0 —0.486Cw,
G, = 0 0.733Cw, 0
—0.486Cw, 0 2.178Cw,

According to the above matrices, the complex filter derived
from the real Gm-C filter of Fig. 7 is shown in Fig. 8, which
is a single-ended structure tha: can be readily converted into
fully differential realisation.

Alematively, by doubling the Gm-C filier in Fig. 7 into |
and Q sections and connccting cach capacitor in the [
section 1w its respective duplicated capacitor in the Q
section with the transconductance neitwork shown in
Fig. 5a (in the case of floatng capacitors) and Fig. ¢ (in

et bt

Fig. 13 Layvuts of the complex Gm-C filters

2m

104



oo

o

1
Freq (MHz)

0.2% 0.7% 1.00

0.50
Freq (MHz)

0
Fireq (MH2)

0s

o4

os
é

w2

1T

26

o1

[
Froq (MHz)
€

Group delay (us)

Group delay (us)

-
w

45
40

35

25
20
15
10
05
o0

15

W
e

~
w

Y]
e

£

025 0.7%

0.50
Freq (MHz)

.25 o 075 100

0.50
Freq (MHz)

Fig. 14 Simulated AC simulation results (magnitude and inband group delay) of the complex filters

a Third-orJer elhptc filter
b Fifth-order Chebyshev filter
¢ Ninth-order Butterworth filter

the case of grounded capacitors), the complex filter in Fig. 9
1s obtamed. [t is straightforward to show that by combining
all the transconductors that are connected in paralicl
together, the complex filter in Fig 9 becomes identical to
the complex filier in Fig. &.

5  Transistordevel filter simulation

A practical complex filter has also been designed and
simulated based on the proposed Gm-C complexification
concept. The differential version of the complex filer
shown 1 Fip. % has been implemented such that the

280

resulting filler possesses a bandwidth of | MHz and a
centre frequency of S500kHz with G =20pA/V,
C =637 x 107" F and w, = 2m x 500 krads.

As illustrated in Fig. 10, the transconductor employed m
the design is the pscwdo-differential resisuve source-
depencration type (1€, 11] connected with the commaon-
mode smabilising nctwork [12). The degeneration resistor
R can be wuned wung a nctwork of linear resistors in
series with triode MOS rcsistors (Fig. 1) similar 1o
what has been proposed in [I11.. Filter tuning can be
achicved by adjusting gate voltage of ths triode-MOS resis-
tor following the same technique presented in [1l1).

[ET Circuits Devices Syst., Yol 1. No 4. Avgust 2007
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Table 1: Performance comparison of complax tilter

Darived from Third-order Filv-ordes Ninth-groler
wlliptic Chetryshev Butterworth
Technology 0.18 um CMOS
Sunply voltage 1.8v
Ouipul nolse imMegratad from 196 x 1107 286,10 " 3834107
1 Hria 10 MHz (V0
Spricus-free dynsne rahge a 440 43.3
L1
1%:IM3-0R (dB} 501 448 a7
Tatsl integrating capacilance 1" 2407 2720
{pF}
Total numbaer of unit Gm's 32 L] 66
Powwsr consumption (mistic} b.6¢ 2.1 301
imw)
Currenl conpuemplion sstic) .86 1.19 161
fmaA)
Area (mm®) 012 122 1.5¢

Trarsistors employed in the common-mode stabilising
network have also boen appropristely sized to cnhance
DC-gain. ANl te transconducturs are biased by simple
cascode PMOS current seurces whuse gute: voltage Foa is
set by a single network of Fig. 11, where transconductlor’s
put wrdl output quiescent voltages are set 1o be equal to
V. Two diode-connected MOS (W/L = 50 um /3 pm)
emulate the fact that under s quicscent condition,
transisiors MN1-MN2 and MN3-MN6 in the common-
mode  stabilising  network bic a diode d
NMOS. In this design, the quicscent DC voltage is sel 10
beat 1V,

The complex third-order elliptic filter denived from the
propuscd method is compared to the complex filters with
the same frequency specifications, naracly the Gfth-order
Chebyshey and the ninth-order Butterworth Blters. As the
real Duiterworth and Chebyshev filters do not have finite
transmissionl ztvo, thcy can be transformed W complex
filters by the conventional method {Fig. 1). Based on the
layout of the unit transconductance cell in Fig. 12 and
with capacitive trimming, by taking imto accound parasitic
vapacitances, the layouts of the three Glters under consider-
ations arc depicted in Fig. 13. Itis clear from Fiy, 13 that the
proposed elliptic filtcr occupies much smaller arcea than the
Chebyshev and Butterworth filter counterparts. Simulations
with parasitic capacitances extracted from the layouts have
been conducted using Spectre with Cadence design suite
cmploying, 33V 0.18 pm CMOS process under 18V
(PMOS and NMOS threshold wltages are ~-045 V)
supply. Simulations results bave been obiained by mjecting
yuadrature signals into the circuits. Sanulated AC responses
{magnitude and nband group delay) of all the filices are
shown Fig. 14. Other filker performances inciuding the
spunigus-free dynamic  range. 1%  third-order
mremnoduiation-dynamic  mange  (1%-IM3-DRj,  totz!
capacitance and total transconductors employed, power
and current consumption are listed in Table 1. It can be
vbserved trom Table [ that with the same frequency speci-
fications, the proposed complex elliptic Gm-C filter is more
linear, has better noise performance, requires less chip area
and consumies less powet than the complex Butterworth and
Chebyshev Gm-C filters,

TET Gircurts Dewnves Sysr. Vol [, No 4, dnguri 867

6 Conclusion

Wie have presented two ditferent methods, based on stare-
space and clemenl substitution, to iransform the weal
Gm-C filters with floating capacitors into the comesponding
complex Gm-C filkers. The resulting camplex filter stracture
1s suitable for futly differential anplementation using wadely
used fufly differcatial transconductors. To demonstete the
pruposed tnclidd, the fully Adifferential complex Gmn-C
filier was rcalised from the third-order elliptic Gme-C
tikter. It was found that with the same frequency speeifica-
tons, the elliptic complex filter derved from the proposed
mcthod outpeiforms  the Dutterwonth and  Chebyshev
complex filters n tenns of noise, linearity, arca and poveer
consumption,
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