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Abstract – This paper presents a brief overview of three different comparator architectures that have been published over the last decade for low-power applications. 

The first architecture is a current comparator cell that works at extremely low input currents, thus reducing the power dissipation to a few nano-Watts or lower.  The second architecture is a BiCMOS latched comparator based on a current-mode topology that achieves low power consumption by disconnecting its current-driven latch from its driver during regeneration.  And finally, the third architecture is a BiCMOS latched comparator that makes use of PMOS loads, whose operating region is changed three times during the comparison cycle, providing high sampling speed as well as reduced power consumption.

I. Introduction

 Widespread interest in "affordable-anywhere-anytime" wireless communication and computation has created a critical need for low-power low-voltage analog and digital integrated circuits.  Not only do we want our systems to run faster, but we also want them to run on little or no power. That means increasing the speed and performance of all the components in a system while staying within a restrictive power budget. The demand for higher bandwidth, smaller supply voltage and lower power consumption is also driven by the increasing complexity of electronic equipment.  To be able to integrate more functions and more complex functions on a single integrated circuit, the minimum feature size continues to reduce, forcing smaller supply voltages. However the threshold voltage does not scale down proportional to the supply voltage. This introduces many new challenges in designing low-power circuits that meet speed, accuracy, and noise requirements [1].  
Comparators are the second most widely used electronic components, after operational amplifiers.   They have always been, and are still, an important building block in electronic systems including oscillators, data converters and other front-end signal processing applications.   A critical design aspect for comparators is good trade-off between sensitivity, speed, and power consumption.  Speed, in fact, can usually be increased at the expense of a higher power consumption, while sensitivity requires high gain and hence low bias current, which leads to a slower time response.  The objective of this paper is to briefly explain the theory and implementation of some conventional comparators and to introduce several low-power comparator design techniques that have been able to overcome the aforementioned problems to some extent.

II. Low Power Current Comparator cell for Weak Current Operations

A voltage-mode comparator is a circuit that compares the instantaneous value of an input signal with a reference voltage and produces a logic output level depending on whether the input is larger or smaller than the reference level. However, for CMOS voltage-comparators, transistor mismatch is unavoidable causing threshold shifting.  Moreover, these circuits tend to be power-hungry, partly due to the difficulty in reducing the supply rails, and also the need for the use of a significant number of physical resistors [2].  

In contrast, current-mode comparators are more economical in terms of power consumption than their voltage-mode counterparts.  In its simplest form, a current comparator is a device which discriminates between two incident currents instead of two voltages.

Fig. 1 illustrates the basic circuit diagram of a current comparator and its transfer characteristics.  In this figure, T1 and T2 are assumed to be identical.  Conceptually, the threshold current, Ith, of the comparison is determined by applying a voltage, VG3, at the gate of T3.  
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Fig. 1.
Basic circuit diagram of a current comparator and its transfer characteristics

There are three modes of operation:

1. When i1  = i2  = i3  = It, T2 and T3 are in saturation, and the output voltage, Vout, is set to half the supply voltage.

2. When i1  > Ith, T2 and T3 are in triode and saturation, respectively, and Vout is set at its low level.

3. Finally when i1  < Ith, T2 and T3 are in saturation and triode, respectively, and Vout is set at its high level.

Thus, this comparator performs a current comparison based on a specified value of Ith the effective value of which is sensitive to the variations in the physical parameters of the circuit and therefore transistor mismatches.  This transistor mismatch may cause a deviation in the threshold current.  A threshold variation of up to 50% in identically designed current comparator cells can be expected [3].  
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The low-power current comparator cell presented in [3] solves the abovementioned problem of transistor mismatch without increasing the propagation delay, power and silicon area.  This proposed comparator produces a two-level output voltage according to the polarity of the input currents. The schematic of this cell is illustrated in Fig. 2.

Fig.2.
The proposed transistor-mismatch-insensitive


current comparator cell
While this circuit performs the same function as that of Fig.1, it has a flexibility is establishing its threshold current that makes its operation to be based on the transistor nominal characteristics and insensitive to the effect of the transistor parameter variations.  The power dissipation of this circuit depends on the input current level.  When iIN is of the order of a few nano-Amperes, all the transistors operate in a very weak inversion mode and therefore, the power dissipation of the cell becomes lower (i.e. in tens of nano-Watts) than that of Fig.1. 

III. 2.5-V BiCMOS comparator with current-mode interpolation

The conventional current-steering latched comparator which has been successfully used since the earliest designs of flash ADC’s, is shown in Fig. 3.  However, as the supply voltage is reduced and low power consumption is a concern, this architecture does not provide satisfactory performance, as it requires high bias currents for achieving the desired speed and voltage output swing.  In order to improve the speed, a few solutions have been reported such as a cascaded load, or use of an input preamplifier. However, the significant power consumption of these suggested solutions makes them impractical in low-voltage ADC’s [4].
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Fig. 3. Circuit diagram of the conventional latched comparator

The schematic of the BiCMOS current-mode comparator presented in this section can be observed in Fig. 4. 
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Fig.4.
The current-mode latched comparator

This arrangement is composed of an input differential amplifier as well as a driver and latch [5].    The differential amplifier has low voltage gain and bias current.  This leads to a reduced input capacitance, which is necessary for achieving a high bandwidth in the input adapter, despite the severe loading.  Moreover, the folded arrangement of the amplifier allows diode-connected NPN BJT’s (Q3, 4) to be used as loads instead of PMOS transistors.  Because of the non-linear dependence of the MOS transistor transconductance on the bias current, using BJT’s instead of PMOS’s is a better choice as it results in a higher bandwidth-to-power ratio.  Furthermore, MS1,2 disconnect the latch from the driver during the regeneration phase.  This reduces the loading capacitance (Ct) with respect to the case where the latch is always connected to the driver, and thus, a significant power saving is achieved. Moreover, when MS1,2 disconnect the latch from its driver, a sufficient output voltage has already been established by the regenerative action of the latch.  The dc output swing of this latch is equal to VBEon – VCEsat which depends only moderately on the bias current, leading to further power saving than that of the conventional current-comparator of Fig. 3 [5].   

Table I reports a comparison between the proposed current-mode comparator and the conventional current-switching comparator which uses an input preamplifier to reduce the kickback noise [5].  Both of these comparators are designed with the same technology in order to achieve the same resolution and speed.  It can be observed that the proposed current-mode comparator has lower power consumption and input capacitance with respect to the conventional architecture.

Table I

Performance Comparison

	
	Proposed

Current-Mode
	Conventional Current-steering with Preamplifier

	Power (@200 MS/s)
	600 µW
	1 mW

	Output Swing
	0.7 V
	0.4 V

	Input Cap.
	80fF
	130fF


IV. High-speed, Low-Power BiCMOS Comparator Using a PMOS Variable Load

The aforementioned conventional BiCMOS latched comparator, shown in Fig. 3, uses a positive feedback to quickly resolve differential voltages of few millivolts.  In the acquisition phase (when ck=1), this comparator behaves as a differential amplifier, and in the regeneration phase (when ck=0), it exploits positive feedback to reach valid digital levels within half a clock period.  As explained earlier, this classical latched BiCMOS Comparator has been successfully used in high-speed A/D converters.  However, its intrinsic limits become apparent when reduction of supply voltage and power consumption is a concern.  This is due to the fact that the regeneration and acquisition phases create conflicting requirements on the load resistance, so that higher sampling frequencies can only be achieved by increasing current and power consumption [6].  To overcome this problem, a novel high-speed, low-power BiCMOS latched comparator with a low power consumption of 340µW is proposed in [6] as illustrated in Fig.5.  
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Fig. 5.  Circuit diagram of the variable load latched comparator

In this comparator, a variable load made by a PMOS transistor replaces the resistive load of the conventional BiCMOS comparator of Fig. 3.  This PMOS transistor is successively biased in three different operating modes during the three phases of each comparison cycle.  

This technique causes the comparator to always operate with the optimum load, overcoming the intrinsic limits of the conventional architecture and minimizing power consumption without sacrificing sampling speed [6].  

The operation of the variable load comparator is as follows:

The gate voltage of the PMOS loads is controlled at cl with the waveform, of Fig. 6, synchronized with the clock. 
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Fig. 6. Simulated Vcl and Vout of the variable load comparator in a comparison cycle, respectively from left to right

This waveform has three levels: 0, Vtr and Vreg corresponding, respectively, to reset, tracking, and regeneration phases.  During the reset phase, the gate voltage, Vcl, of the PMOS loads is pulled down to ground.  Vcl is then increased to Vtr during the tracking mode, for achieving the required voltage gain and bandwidth.  Finally, during the regeneration mode, Vcl is further increased to Vreg in order to increase the small-signal load resistance.  Three sub-phases can be recognized during regeneration.  At first, both V01 and V02 increase suddenly due to the capacitive coupling with the cl line.  Then both decrease, due to the increased load resistance, and the positive feedback regenerates the initial output voltage Vout, thanks to the high resistance provided by the PMOS loads.  In the third sub-phase, one of the two BJT’s is turned off and from this instant V01 decreases linearly with time while V02 settles to a constant voltage not far from Vdd.  By balancing currents at node 01 and neglecting the voltage drop across the variable load, M1, the following relationship can be obtained:

V01 (t)  =   V01 (t') – ((It – IL)(t-t')/(CL + 2 Cjs + CµL + CµA+ Cje))

where IL is the saturation current of M2.  From this equation, it can be observed that the differential output voltage, Vout, decreases linearly with time and therefore, the output swing of the comparator can be made larger by reducing IL, i.e. by increasing Vreg, without any increase of the current and power consumption.  

It is worthwhile to mention that this proposed latch operates correctly with a quite limited amplifier gain of about 1.5, unlike conventional scheme, which requires higher gains (5-10, often obtained by a preamplifier) [6].  This also leads to more power saving and reduced input capacitance.

IV.
Conclusion

The growth of the market of portable, battery-powered equipment, the scaling of device sizes, which requires a reduction of supply voltages, and the shift toward higher frequencies of the boundary between analog and digital signal processing, have led to the increasing interest for high-speed, low-power and low-voltage front-end ICs including comparators.  

A brief overview of conventional CMOS and BiCMOS comparators was presented in this report to give the reader some background into typical performance and of classical comparators and major problems associated with them.  

Significant effort and research has been devoted to the enhancement of comparator architectures with low power consumption.  This paper investigated three of these attempted approaches that have resulted in significant power saving without reducing the speed.  Other methods include using newly developed scaled Heterojunction bipolar transistors (HBT) IC technology on InP substrate [7], applying fully differential CMOS techniques to GaAs FET technology [8], and using resistive feedback networks in CMOS current comparators [9]. 
Comparators are one of the most widely used basic analog building blocks and their design in low-power environment is critical to the successful integration of front-end signal processing IC’s.  Therefore, the designers must be creative in developing new techniques that allow the conventional comparators to operate successfully with high speed and low power consumption. 

References

[1]
H. Traff, “ Novel Approach to high-speed CMOS Current comparators,” Electronics Letters, vol.28, No. 3, pp. 310-312, Jan. 1992.

[2]
G. Palmisano and G. Palumbo, “ Offset-compensated low-power current comparator,” Electronics Letters, vol.30, No. 20, Sep. 1994.

[3] 
C. Wang, M. Ahmad and M. Swamy, “ Low-power current comparator cell for weak current operation,” Proceedings of IEEE International Symposium on Circuits and Systems, vol.1, pp.544-547, 2001.

[4]
A. Demosthenous and J. Taylor, “ 2.8 V asynchronous high-speed current comparator for sequence detection applications,” Electronics Letters, vol. 34, no. 18, pp.1714-1715, Sep. 1998.

[5]
A. Boni, C. Morandi and S. Padoan, “ 2.5-V BiCMOS comparator with current-mode interpolation,” IEEE J. Solid-State Circuits, vol.34, pp.892-897, June 1999.

[6]
A. Bony and C.  Morandi,” High-speed, low-power BiCMOS comparator using a PMOS variable load,” IEEE J. Solid-State Circuits, vol.33, pp.143-146, Jan. 1998.

[7]
F. Kaess, B. Hochet, R. Kanan and M. Declercq, “ High-speed GaAs Comparators for Low-power 8-bit ADCs,” IEEE J. Solid-State Circuits, pp. 13-16, 1998.
[8]
M. Hafizi and J. F. Jensen, “ Ultra-fast, Low-power Integrated Circuits in a scaled Submicron HBT IC technology,” IEEE Radio Frequency Integrated Circuit Symposium, pp. 87-90, 1997. 

[9]
M. Byung-moo and K. Soo-won, “ High performance CMOS current comparator using resistive feedback network,” Electronics Letters, vol. 34, No. 22, Oct. 1998.

PAGE  
12

_1067074996.doc
[image: image1.png]e Amplifier

Ms4 Toon

Driver and Latch







_1067031189.doc
[image: image1.png]4







