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Abstract 

This paper presents a versatile precision rectifier. The circuit yields a positive half-wave 

signal, a negative half-wave signal, a positive full-wave signal and a negative full-wave 

signal into one single structure. The PSPICE simulation is performed to examine the 

performance of the new circuit. The experimental result is also confirmed workability of 

the proposed circuit. 

 

Keywords: 

Precision rectifier, full-wave rectifier, half-wave rectifier, current-mode circuit, nonlinear 

circuit, analog signal processing 

 

1. Introduction 

In a conventional rectifier, diodes are simply used for rectification. However, it has  

generally been acknowledged that such a circuit is incapable of rectifying incoming 

signals whose amplitudes are less than the cut-in voltage (e.g., approximately 0.7 V for 

the silicon diode and 0.3 V for the germanium diode). Therefore, diode-only rectifiers are 

normally used in applications in which the precision in the range of cut-in voltage is of 

less importance, such as RF demodulators and DC voltage supply rectifiers. The 

precision rectifier is an important circuit building block that is widely used in various 

applications, such as in wattmeters, AC voltmeters, function fitting, triangular-wave 

frequency doubling, error measurements, RMS to DC conversions, and peak detectors to 

floor detectors in ultrasonic. As a result, a number of precision rectifiers have been 

introduced in the technical literature [1]-[38]. In [1]-[9], several precision rectifiers using 

operational amplifiers (op-amps), diodes and resistors have been proposed. However, op-

amp-based circuits typically utilize excessive external passive components, many of 
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which are floating components. Moreover, the classical problem of the rectifier using op-

amps is that during the non-conduction/conduction transition of the diodes, the op-amps 

must recover with a finite small-signal dv/dt (slew rate) [10]. The result of this effect is 

an output distortion in the crossover region, known as ‘corner distortion’. Thus, the op-

amp-based rectifiers are restricted to a frequency performance well below its gain-

bandwidth product. This problem is reduced by designing the rectifier using a current-

mode technique [10]. Several current-mode precision rectifiers have been introduced 

[10]-[23]. These circuits provide the attractive feature of high precision rectification. 

However, some of these circuits either require an ungrounded resistor, which is not ideal 

for integrated circuit (IC) implementation, or suffer from high frequency limitation. In 

addition, the rectifiers in [10]-[13] also require two identical current conveyors. 

Mismatch of these current conveyors affects the output waveform of full-wave format, 

i.e., the amplitude of the first polarity signal may not be equal to that of the second 

polarity signal. Other rectifiers using operational transconductance amplifiers (OTAs) 

[24]-[30] provide the attractive feature of IC implementation, some of which nevertheless 

suffer from the use of a large number of active components and limitation to the high 

frequency performance (i.e., [28], [29]). 

To achieve the high operating frequency, the current-mode class-AB rectifiers 

were used in [31]-[34]. Although this technique requires the signal current to be four 

times as large as the bias current in order to avoid the square-law error of the transistors, 

the precision and the operating frequency of class-AB rectifier can be obtained 

approximating from the quiescent current [34]. In addition, the rectifiers using all-MOS 

transistors proposed in [35]-[37] are very suitable for CMOS technology implementation. 

It should be noted from the rectifiers [1]-[37] that the circuits in [1]-[33] are the full-wave 

rectifiers while the circuits in [34]-[37] are the half-wave rectifiers. Only the rectifier in 

[38] can provide both half-wave rectification and full-wave rectification into one single 

topology; however, this scheme is unfit for operation in high frequency. 

In this paper, design of the versatile precision rectifier which can realize both 

half-wave and full-wave signals is presented. The proposed circuit provides both high 

precision rectifier and high frequency performance. The positive half-wave, negative 

half-wave, positive full-wave and negative full-wave rectifiers can be obtained in one 

single structure. PSPICE simulations are performed for the verification of the circuit. The 
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experimental results are included for the sake of completeness and to confirm workability 

of the proposed circuit. 

 

2. Circuit Realization 

The proposed versatile precision rectifier is shown in Fig. 1. It consists of three main 

components: the voltage-to-current (V-I) converter, the current-mode class-AB rectifier 

cell, and the current-to-voltage (I-V) converter. The V-I converter is composed of a 

second generation current conveyor (CCII) and a resistor inR  as shown in Fig. 2. The 

class-AB precision rectifier cell comprises transistors MD1 to MD4, current sources 1I  to 

8I , and current mirrors CM1 to CM6. The resistors 1oR  to 4oR  are operated as the I-V 

converters  The operation of the V-I converter is as follows: when input voltage inV  

travels into the circuit, it is converted into a current zi  by CCII and resistor inR  (MR1-

MR2). Assume that MR1 and MR2 are matched and operated in saturation regions, the 

resistance value can be determined by [39] 

( )
1

2
in

DD TH

R
K V V

=
−

                                                   (1) 

where ( )oxK C W Lµ=  is the transconductance parameter, THV  the threshold voltage, 

DDV  the supply voltage (
DD SSV V= ), µ  the carrier mobility, oxC  the gate capacitance per 

unit area, W the channel width, and L  the channel length. The terminal relations of CCII 

are determined by 0yi = , 
x yv v= , and z xi i=  [40]-[43]. Using these relations, the current 

zi  can be obtained as 

in

in
z

R

V
i =                                                               (2) 

The current zi  will be applied into the input of current-mode class-AB precision rectifier. 

The transistor MD2 and the current source 1I  generate a constant voltage AV  to provide a 

bias voltage for transistor MD1 while transistor MD4 and the current source 2I  generate a 

constant voltage BV  to provide a bias voltage for transistor MD3 [16]. The constant 

voltages AV  and BV  should be fairly close to the respective threshold voltages of 
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transistors MD1 and MD3 to obtain precision results.  AV  and BV  cause MD1 and MD3 to 

operate in class-AB. The current sources 3I  and 4I  are supplied to the current mirrors 

CM1 to CM6 to ensure that these current mirrors are continuously on and thereby improve 

the frequency response and the overall system linearity. 

The operation of the proposed half-wave rectifier is as follows: when 0zi < , it is 

fed through MD1 and then is mirrored by CM1 to the drain of MC2 as 1oI  ( zi+ ). On the 

other hand, when 0zi > , it is fed through MD3 and then is mirrored by CM2 to the drain 

of MC4 as 2oI  ( zi− ). From the operation of the proposed circuit, the relations between 

the input current zi  and the output currents 1oI  and 2oI  can be expressed as 

1 1 30z o zi  ; I i I I< = + + +                                                   (3) 

2 2 40z o zi  ; I i I I> = − + +                                                  (4) 

As the current sources 5I  and 6I  respectively compensate the offset currents 1 3I I+  and 

2 4I I+ , the relations between zi  and the currents 1RoI  and 2RoI  can be expressed as 

10z Ro zi  ; I i< = +                                                         (5) 

20z Ro zi  ; I i> = −                                                        (6) 

where 1RoI  and 2RoI  are the currents flowing through the resistors 1oR  and 2oR , 

respectively. Letting 1 2o o inR R R= =  and using Equation (2), the relation between the 

input and the output voltages of half-wave rectifier can be obtained as 

0in H inV  ; V V+< =                                                        (7) 

0 0in HV  ; V +> =                                                         (8) 

0 0in HV  ; V −< =                                                         (9) 

0in H inV  ; V V−> = −                                                    (10) 

From Equations (7) to (10), it can be seen that the proposed circuit provides both a 

positive half-wave rectifier and a negative half-wave rectifier. It is also evident from 

Equations (7) to (10) that the temperature effect is non-existent due to the absence of THV  

and µ . 

The operation of full-wave rectifier can be explained by the continuous operation 

of the half-wave rectifier. Its operation is as follows: when 0zi < , it is fed through MD1 

Page 6 of 41

IET Review Copy Only

IET Circuits, Devices & Systems



Page 7

and then is mirrored by current mirror CM1 to the drain of MC5 as zi+ . This zi+  is 

second mirrored by CM5 to the drain of MC8 as zi−  and this zi−  is third mirrored by 

CM3 to the drain of MC10 as 3oI  ( zi+ ). Conversely, when 0zi > , it is fed through MD3 

and then is mirrored by CM2 to the drain of MC6 as zi− . This zi−  is again mirrored by 

CM4 to the drain of MC10 as 3oI  ( zi+ ). From the operation of the circuit, the relation 

between the input current ( zi+ ) and the output current to the drain of MC10 ( 3oI ) can be 

expressed as 

432130 IIIIi  ;  Ii zoz +++++=>                                   (11.1) 

432130 IIIIi  ;  Ii zoz +++++=<                                   (11.2) 

Since the current source 7I  compensates the offset current 1 2 3 4I I I I+ + + , the relation 

between zi  and 3RoI  is 3Ro zI i= , where 3RoI  is a current flowing through the resistor 

3oR . Letting 3o inR R=  and using Equation (2), the relation between inV  and FV +  can be 

expressed as 





−=>
+=<

+

+

inFin

inFin

V  ;  VV

V  ;  VV

0

0
                                                (12) 

Again, when 0zi <  it is fed through MD1 and then is mirrored by current mirror CM1 to 

the collector of MC12 as zi+ . This zi+  is again mirrored by CM6 to the drain of MC16 as 

4oI ( zi− ). In contrast, when 0zi > , it is fed through MD3 and then is mirrored by current 

mirror CM2 to the drain of MD11 as zi− . This zi−  is second mirrored by CM4 to the drain 

of MC14 as zi+ , and this zi+  is third mirrored by CM6 to the collector of MC16 as 4oI  

( zi− ). From the operation of the circuit, the relation between the input current ( zi− ) and 

the output current 4oI  can be expressed as 

432140 IIIIi  ;  Ii zoz ++++−=<                                  (13.1) 

432140 IIIIi  ;  Ii zoz ++++−=>                                  (13.2) 

Since the current source 8I  compensates the offset current 1 2 3 4I I I I+ + + , the relation 

between zi  and 4RoI  is 4Ro zI i= , where 4RoI  is a current flowing through the resistor 
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4oR . Letting 4o inR R=  and using Equation (2), the relation between inV  and FV −  can be 

expressed as 





+=>
−=<

−

−

inFin

inFin

V  ;  VV

V  ;  VV

0

0
                                              (14) 

According to Equations (12) and (14), the proposed circuit can operate as a positive full-

wave rectifier and a negative full-wave rectifier. Moreover, the full-wave rectifier 

provides good temperature stability as there is no temperature effect due to the absence of 

THV  and µ . It is evident from Equations (7)-(10), (12) and (14) that the proposed rectifier 

in Fig. 1 can perform as a positive half-wave rectifier, a negative half-wave rectifier, a 

positive full-wave rectifier and a negative full-wave rectifier within the same 

configuration. It should also be noted that if only half-wave rectifier is required, the 

circuit should consist merely of CCII, MD1 to MD4, MC1 to MC4, 1I  to 6I , inR , 1oR , and 

2oR . In addition, if only full-wave rectifier is required, the circuit should consist of CCII, 

MD1 to MD4, MC1, MC3, MC5 to MC16, 1I  to 4I , 7I , 8I , inR , 3oR , and 4oR .  

 

3. Circuit Performance 

The ideal circuit performance so far has been based on the assumptions that the current 

conveyor has no tracking errors, that current mirrors have unity gain, and that MOS 

transistors are perfectly matched. However, in a practical realization, several non-

idealities that cause deviation from the ideal performance are presented. The major 

factors to consider in this paper are non-ideal effects of the CCII, non-ideal effects of the 

class-AB rectifier cell, and non-ideal effects of the current mirror. 

 

 3.1 Non-ideal effects of the CCII 

 The proposed rectifier is analyzed by taking into account the non-idealities of a 

CCII. The non-ideal CCII characteristics can be accounted for by letting 
x yv vβ= , 

z xi iα=  and 0yi = , where 1 vβ ε= −  and vε (
vε <<1) represents the voltage tracking 

error from y to x terminals, and 1 iα ε= −  and iε (
iε <<1) represents the current tracking 

error from x to z terminals. Taking the voltage and current tracking errors into 

consideration, the current zi  can be expressed as 
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in
z

in x

αβV
i

R R
=

+
                                                         (15) 

where xR  is the parasitic resistance obtained by looking into the terminal x of the CCII. 

When the CCII in Fig. 2 is simulated by PSPICE simulators, the parameters α =0.998, 

β =0.999 and xR =1.1 kΩ are obtained and the simulated results are presented in Table 1. 

To investigate this case, the CCII in Fig. 2 was designed using TSMC 0.18 µm n-well 

CMOS parameter [43] and aspect ratios as shown in Table 2. For this simulation, resistor 

inR  is removed and the body of each of the transistors M1 and M2 is connected to SSV , 

while the body of each of the transistors M3 and M4 is connected to its source. From 

Table 1, the CCII provides wide bandwidth. This parameter will be supported the high 

operating frequency of the proposed rectifier. 

 

 3.2 Non-ideal effects of the current mirrors 

 Let us assume from the circuit in Fig. 1 that the body of each of the transistors 

MC1 to MC16 is connected to its sources, and thus the operation of the current mirrors 

CM1 to CM6 is insensitive to the variation of the threshold voltage caused by the body 

effect. However, the current mismatch should be considered. 

Assume that the current ini  is the current reference that flows through input 

transistor, and the current oi  are the output current that is mirrored by output transistor of 

current mirror. Hence, the relation of oi  and ini  that includes the channel-length 

modulation effect can be written as 

2

1

1

o GS THo DSo
o in

i GS THi DSi

K V V V
i i

K V V V

λ
λ

    − +
=     − +    

                                  (16) 

where oK  and iK  are the transconductance parameters of the output and the input 

devices, respectively, GSV  is the gate-source voltage of any transistors, THoV  and DSoV  are 

respectively the threshold voltage and the drain-source voltage of output devices, THiV  and 

DSiV  are respectively the threshold voltage and the drain-source voltage of input devices, 

and λ  is the channel-length modulation parameter. 
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 Assume that all of the physical parameters such as THV , µ , oxC , etc., of current 

mirror are identical, Equation (16) can be written as 

( )
( )

1

1

o DSo
o in

DSii

W L V
i i

W L V

λ
λ

  +
=     +  

                                         (17) 

If DSi DSoV V= , then the current gain of the current mirror is ( ) ( )
o i

W L W L . Additionally, 

if the transistors are identical, ( ) ( )
o i

W L W L= , and therefore 
o in
i i= . The current gain 

of the current mirror can be larger or smaller than unity because the transistor sizes can 

be ratioed. This current gain will effect to the amplitude of the output voltage signals and 

the DC output offsets of the circuit. 

 On the other hands, the channel-length modulation effect can be considered by 

assuming that ( ) ( )
o i

W L W L=  and λ  is the same of both transistors. From Equation 

(18), differences in drain-source voltages (VDSi, VDSo) of the two transistors can cause a 

deviation the ideal unity current mirroring. A good current mirror should have identical 

drain-source voltage and a high output resistance, which can be achieved using large 

channel length. 

 Mismatch between the parameter K  and offset between the THV  of the two 

transistors are considered. Let us assume that the W/L ratios of the two mirror transistors 

are equal but that K  and THV  may be mismatched. In this case, the relation of oi  and ini  

of current mirror can be approximated as [1] 

2
1 TH

o in

GS TH

VK
i i

K V V

 ∆∆
≅ + − − 

                                          (18) 

where DS DSo DSiV V V∆ = −
, o iK K K∆ = −

, ( )0.5 o iK K K= − , TH THo THiV V V∆ = −
 and 

( )0.5TH THo THiV V V= −  given that 
0.5iK K K= − ∆

, 
0.5oK K K= + ∆

, 

0.5THo TH THV V V= − ∆
 and 

0.5THi TH THV V V= + ∆
. From Equations (18), two factors could 

deviate the current oi  of current mirror from ideal characteristics: the non-ideal effect of 

THV∆
 and the non-ideal effect of K∆ . From the same equation, small THV∆

 and K∆  
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reduce the error of the current oi . The effect of THV∆
 is reduced if GSV

 is several times 

larger than THV
. The non-ideal effect of K∆  is the error in the aspect ratio of the transistor 

devices, which could be due to mask, photolithographic and/or out-diffusion variations. It 

is obvious from Equation (18) that high value of K∆  will result in high error current oi  of 

current mirror. The effect of K∆  can be minimized with a careful layout, i.e., the 

dimensions of the transistors should be designed much larger than the typical variation. In 

addition, the use of reference voltages for current mirrors can be obtained a very high 

precision of the proposed circuit. 

 

 3.3 Non-ideal effects of current rectifier cell 

To determine the influence of class-AB rectifier cell non-idealities, the dual 

translinear loop (MD1 to MD4) will be analyzed. Ideally, characteristics of the transistors 

MD1 to MD4 are required to be identical. A mismatch of the transistors MD1 to MD4 will 

result in asymmetry of output waveform, i.e., the amplitude of the first polarity signal 

may not be equal to that of the second polarity signal at output. 

Let us assume that the proposed circuit is designed by standard CMOS technology 

version of p-substrate. Thus all PMOS devices are suitable for implementation in n-well 

and all NMOSs are suitable for implementation in p-substrate. Typically, for standard 

CMOS technology version of p-substrate, the substrate will be applied by SSV , then the 

bodies of the transistors MD1-MD2 are connected to SSV  and those of the transistors 

MD3-MD4 are connected to their sources. Therefore, the body effect on transistors MD1-

MD2 should be examined whereas the transistors MD3-MD4 are insensitive to the 

variation of the threshold voltage induced by the body effect. The threshold voltage with 

the body effect can be expressed as 

( )2 2TH TH0 SB F FV V Vγ ϕ ϕ= + + −                                    (19) 

where VSB is the source-to-body substrate bias, 2 Fϕ  the surface potential, TH0V  the 

threshold voltage for zero substrate bias, ( ) 2ox ox si At q Nγ ε ε=  the body effect 

parameter, oxt  the oxide thickness, oxε  the oxide permittivity, siε  the permittivity of 
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silicon, AN  the doping concentration, and q  the charge of an electron. The voltage SBV  

directly affects the threshold voltage. 

In Fig. 1, however, VSG(MD3)+VGS(MD1) >0 and both MD2 and MD4 are biased to 

conduct nonzero drain current when VD=0, which is a characteristic of a class-AB. If 

VTH(MD1)=VTH(MD2), VTH(MD3)=VTH(MD4), I1=I2=I, assuming MD1 to MD4 is operated in 

saturation region, ID(MD3)=-ID(MD1), the currents ID(MD1) and ID(M3) can be given, 

respectively, as [3] 

( ) ( )

( ) ( )

2 4

( 1)

1 3

1 1

1 1

n ox p oxMD MD

D MD

n ox p oxMD MD

C W L C W L
I I

C W L C W L

µ µ

µ µ

 
+  

 =
 

+  
 

                       (20) 

This equation shows that the quiescent current in the class-AB dual translinear loop 

rectifier cell is well controlled with respect to the bias current that flows in the diode-

connected transistors (MD2 and MD4) [3]. 

Using Equations (16) and (18), Equations (7), (10), (12) and (14) can be rewritten, 

respectively, as 

( )10 ;  o in
in H effect error

in x

αβR V
V V K

R R
λ+< = + +

+
                                   (21) 

( )20 ;  o in
in H effect error

in x

R V
V V K

R R

αβ λ−> = − +
+

                                  (22) 

( )

( )

3

3

0  ;   3 3

0  ;   2 2

o in
in F effect error

in x

o in
in F effect error

in x

R V
V V K

R R

R V
V V K

R R

αβ λ

αβ λ

+

+

< = + + + 

> = − +
+ 

                            (23) 

( )

( )

4

4

0  ;   2 2

0  ;   3 3

o in
in F effect error

in x

o in
in F effect error

in x

R V
V V K

R R

R V
V V K

R R

αβ λ

αβ λ

−

−

< = − + + 

> = + +
+ 

                            (24) 

where 

2

1

1

o GS THo DSo
effect

i GS THi DSi

K V V V

K V V V

λλ
λ

    − +
=     − +    

, 
2

1 1 DSTH
error

GS TH A

VVK
K

K V V V

   ∆∆∆
= + − +   −   

 

and assume that 
effectλ and errorK  of positive and negative current mirrors are identical for 
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Equations (23) and (24). It is evident from Equations (21) to (24) that the non-idealities 

of CCII and of current mirrors will attenuate the amplitude of the output voltage signals 

and may increase the DC output offsets. However, the amplitude error can be corrected 

by increasing the value of the output resistors ( 1oR , 2oR , 3oR  and 4oR ) while the DC output 

offset can be compensated by adjusting the values of the currents 5I , 6I , 7I  and 8I . For 

high-frequency response, the major limitation of the rectifier is the internal poles of 

current mirrors. When the current zi  is applied into the current rectifier cell, the signal 

will be mirrored by only one current mirror to create the half-wave waveform; and to 

create full-wave waveform, the signal will be mirrored by two or three current mirrors. 

Therefore, the half-wave rectifier can operate in higher frequency than can the full-wave 

rectifier. 

For the input range of the proposed rectifier, it can be obtained by assuming that 

the transistors M1 to M4 in Fig. 2 are biased in the saturation region. The minimum and 

maximum input voltage ranges of the proposed rectifier can be expressed as 

)eff(M)eff(MTNTHPSS)in( VVVVVV 84min ++++=                              (25) 

max 2 12in( ) DD THP TN eff(M ) eff(M )V V V V V V= − − − +                               (26) 

where 
( )

2 D
eff GS TH

ox

I
V V V

µC W L
= − =  [44], where in turn GSV  is the gate to source 

voltage, THV  the threshold voltage, DI  the drain current, µ the mobility of carriers, oxC  the 

gate capacitance per unit area, W  and L  are the width and length, respectively, of MOS 

transistor. 

By consideration of the circuit in Fig. 1, it is seen that the minimum supply 

requirement is imposed by the dual translinear loop. The requirement of the supply 

voltages VDD and VSS are given by 

( 1) ( 1),DD TH MC DS MD satV V V> +                                              (27) 

( 3), ( 3)SS DS MD sat TH MCV V V> +                                             (28) 

This equation is given to ensure that all transistors are saturated. 

 

Page 13 of 41

IET Review Copy Only

IET Circuits, Devices & Systems



Page 14

4. Simulation and experimental results 

The scheme of the proposed versatile rectifier in Fig. 1 was simulated using the PSPICE 

simulation program. For the circuit simulation, TSMC 0.18 µm n-well CMOS process 

[45] was used. The transistor dimensions of Figs. 1 and 2 were tabulated as shown in 

Table 2. The supply voltage used is ±1.2V, and the bias currents used are 

1 2C CI I= = 20µA and 3 4I I= = 100µA. The currents I3 and I4 were implemented using 

current source with a single current reference. The current sources 5I  to 8I  are set to 

compensate the constant current sources. The aspect ratios of MR1 and MR2 are larger 

than those of MR3 to MR10 used to compensate the non-ideal behavior of the current 

conveyor and the error of the current mirrors. The DC transfer characteristics of the 

proposed rectifier are shown in Fig. 3, which illustrates the operating voltage range from 

–200mV to 200mV of the input voltage. Three different currents were used for 1I  and 2I  

( 2I = 1I ), i.e., 0.5, 1 and 3 µA. It is observed from Fig. 3 that the corner distortion regions 

of the half-wave and full-wave outputs reduce when the bias currents decrease from 3 µA 

to 0.5 µA. This means that the precision of the proposed rectifier can be achieved by 

selecting appropriate bias currents 1I  and 2I . 

The next test was a test of time domain responses. By applying 100 mVpeak sine 

wave at the input of the proposed rectifier, the input and output signals at 10 MHz and 

100 MHz frequencies are shown in Figs. 4 and 5, respectively. It is observed from both 

figures that the proposed rectifier performs both dual output half-wave rectifier and dual 

output full-wave rectifier from the same configuration. Moreover, undistorted half-wave 

rectified signals and full-wave rectified signals are produced for a high frequency up to 

100MHz. 

In order to examine the temperature stability of the proposed rectifier, the circuit 

was fed with an 100 mVpeak, 10 MHz signal while varying the simulation temperatures 

between 27°C and 100°C. Fig. 6 shows the output waveforms HV +  and FV +  of the 

proposed rectifier at temperatures of 27°C, 75°C and 100°C. The result indicates that the 

proposed rectifier provides good temperature stability as validated by Equations (7)-(10), 

(12) and (14). However, the output waveforms suffer from the DC offset even though 

they are free from distortion. These offset voltages can be easily improved by adjusting 
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the bias currents 5I  to 8I . 

The proposed rectifier was again simulated to check the precision performance. 

The 10 MHz input signal frequency was applied and the amplitude set at 50 mVpeak. The 

input and output waveforms in this case are shown in Fig. 7. It is evident from these 

figures that the proposed rectifier can rectify low-level signal. More precision can be 

achieved by reducing the bias currents 1I  and 2I , but this is likely to affect the bandwidth 

of the system. To investigate the performance of the proposed circuit with the circuit 

operating in the higher than 100 MHz frequency, 400 MHz frequency for 100 mVpeak sine 

wave was applied at the input of the proposed circuit. Fig. 8 shows the operation of half-

wave rectifier at frequency of 400 MHz, respectively. It is evident that the half-wave 

rectifier can rectify the high frequency up to 400 MHz as it utilizes the current-mode 

class-AB rectifier, which is biased just on, and the current conveyor of which response is 

fast. For high-frequency response, the full-wave rectifier suffers three internal poles of 

three current mirrors while the half-wave rectifier suffers only one internal pole of current 

mirror. This is the season why the half-wave rectifier can operate in higher frequency 

than the full-wave rectifier. However, the operation in high frequency of the circuit might 

be achievable only in simulation. If the proposed rectifier was fabricated as an IC, its 

capacity to operate in high frequency would be lessened by the effect of parasitic 

capacitance in the IC. The amplitude errors between the input and output signals in Fig. 8 

results from the decrease of the gain of the proposed rectifier for the operation at high 

frequency. This problem can be solved by decreasing the W/L of MR3 to MR6 so as to 

increase the values of 1oR  and 2oR . 

It is widely acknowledged that periodic waveforms, such as half-wave symmetry 

and full-wave symmetry, can be transformed to the harmonic components using Fourier 

series analysis. In order to test the harmonic distortion of the proposed rectifier, the 

amplitudes of each harmonic of half-wave waveform and full-wave waveform are 

obtained with fast Fourier transform (FFT) analysis through PSPICE simulators. The total 

harmonic distortion (THD) is defined by [8], [9] 

)(log20(dB) 10 THDVTHD =                                            (26) 

where ( )∑ =
=

2

2

1

2

n nTHD VVV , where in turn V1 is the fundamental frequency voltage 
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component, Vn is the n th
 harmonic voltage component, and n  is 1, 2, 3, …., etc. For the 

case of a full-wave rectifier, when a sinusoidal signal of frequency f is applied to the 

input, the steady-state response at the output consists of harmonic components at 2f, 4f, 

6f, … etc (even harmonics) whereas odd harmonics which include fundamentals should 

be zero. The simulated THD versus frequency varying from 1 MHz to 100 MHz is shown 

in Fig. 9. In case of full-wave rectifier, the component 2f is used as a fundamental content 

and the others are harmonic contents. In case of half-wave rectifier, the THD of half-

wave signals is obtained with FFT using PSPICE simulators. Compared with [8], [9], the 

THD of the proposed circuit is higher because this circuit was tested with lower level of 

input signal and higher frequency of input signal. 

In order to examine the effect of mismatch on the proposed rectifier, the Monte 

Carlo analysis using 100 runs was performed. Fig. 10 shows the Monte Carlo analysis of 

the output waveforms with 10 % variations in threshold voltage of all PMOS transistors. 

The result in Figs. 10 confirms the reliability of the circuit. 

 The ripple voltage is an important parameter for testing a rectifier. According to 

the simulation, the ripple voltage versus frequency of the proposed rectifier is high. It is 

similar to the results of previous works, except the circuits in [8], [9]. The circuits in [8], 

[9] offer lower ripple voltage versus frequency when compared with the proposed 

rectifier. However, if a low ripple voltage output of the proposed rectifier or previous 

works with similar principles is needed, several techniques to achieve this requirement 

exist by adding to the output, for instance, additional filters, voltage regulator, RMS-to-

DC converter, and peak detector circuit. 

The proposed rectifier of Fig. 1 was also constructed on a prototype PCB, as 

shown in Fig. 11. The form of complementary MOS pairs (MC14007) is used for 

realizing all MOS devices. The available chip CFOA in an AD844 was chosen for 

realizing CCII. The bias currents 1I  and 2I  are replaced with the resistance of 1.5 MΩ 

( 1 2I I= =  1µ A), the bias currents 3I  and 4I  with the resistance of 10 kΩ ( 3 4I I= =  488 

µA), and the bias currents I5 to I8 with the variable resistors (500 kΩ). The resistor inR  is 

given as 1 kΩ. The supply voltage was set to ± 7.5 V. The experimental results in Figs. 

12 (a)–(d) show the output waveform for the input signals in the form of sinusoidal with 

the peak amplitude of 100 mVpeak and with the frequency of 200 kHz. These results 
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demonstrate that the circuit can provide the clean positive/negative half-wave and 

positive/negative full-wave rectified signals, the finding of which is to confirm that this 

circuit is the precision rectifier. The higher frequency can be obtained if the bias currents 

1I  and 2I  increase but the precision of the circuit may decrease. 

 

5. Conclusions 

The design of a versatile precision rectifier was presented in this paper. The proposed 

rectifier employs one CCII, six current mirrors, five grounded resistors, and eight current 

sources, and it possesses the features superior to the existing rectifiers as follows: 

(1) The proposed circuit can realize a versatile current-mode rectifier. In other words, 

when the input single-phase signal is applied to the circuit, its outputs can be the 

function of positive half-wave, negative half-wave, positive full-wave, negative 

full-wave rectifications from the same configuration. 

(2) The proposed rectifier is capable of operating in a frequency up to 100 MHz 

(simulated with TSMC 0.18 µm CMOS process). 

(3) The proposed structure can be implemented as either a CMOS technology or a 

bipolar technology. 

(4) The proposed rectifier exhibits good temperature stability. 

In addition, the proposed rectifier is superior to the existing circuits with respect to 

suitability for IC fabrication as both CMOS and bipolar technologies. In the simulation, 

the parameter of TSMC 0.18 µm n-well CMOS process and the supply voltage of ±1.2 V 

are used. The PSPICE simulation results show the operating input of –300 to 300 mV. 

For the operating frequency of 100 MHz, the best positive/negative half-wave and 

positive/negative full-wave rectified signals can be achieved. The circuit half-wave 

rectifier can rectify high frequency up to 400 MHz. Moreover, the experimental results 

confirm workability of the proposed circuit. The findings show that the circuit can rectify 

the signal that has less amplitude than the threshold voltage of the diode (<0.3). The 

comparison between the proposed circuits and some previously works is 

summarized in Table 3. In fact, the circuit is suitable for a high impedance load. If a low 

impedance load is applied, the circuit needs voltage buffers at the outputs. If the proposed 

rectifier is loaded with low impedance loads, the loads could be connected directly to the 
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circuit without the need of the output resistors ( 1oR , 2oR , 3oR  and 4oR ) but a high 

linearity resistor (high linear inR ) is imperative that may be achieved using external 

resistor or sheet resistor in integrated circuits. 
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Figures 

 

Figure 1. Proposed versatile precision rectifier. 
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   (a)                                                                              (b) 

Figure 2. (a) Voltage-to-current converter circuit, (b) possible MOS implementation for 

resistor Rin. 
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Figure 3. Simulated results for DC transfer characteristics: (a) half-wave rectifier, (b) 

full-wave rectifier. 
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Figure 4. Operation of proposed rectifier at the input signal frequency 10 MHz. 
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Figure 5. Operation of proposed rectifier at the input signal frequency 100 MHz. 
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(b) 

Figure 6. Output waveforms at different temperatures at the input signal frequency 10 

MHz: (a) positive half-wave rectifier; (b) positive full-wave rectifier. 
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Figure 7. Rectified outputs at the input signal frequency 10 MHz for 50 mVpeak. 
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Figure 8. Operation of proposed rectifier at the input signal frequency 400 MHz for half-

wave rectifier. 
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Figure 9. Simulated THD with frequencies. 
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Figure 10. Monte-Carlo simulation with hundred runs to show the effect of threshold 

voltages variation on the output waveforms for: (upper) VH+, (lower) VF+. 

 

 

 

Figure 11. Measured prototype. 
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Figure 12. The experimental waveforms: (a) Vin and VH-, (b) Vin and VH+, (c) Vin and 
VF+, (d) Vin and VF-. 
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Table 1. Simulated specifications of CCII used. 

Parameter Value 

Technology 0.18 µm 

Power supply ± 1.2 V 

Quiescent current 20 µA 

Input voltage range -200 to 200 mV 

Voltage error range 5.7 mV 

Input current range -100 to 100 µA 

Current error range 7.767 µA 

Bandwidth (-3dB) 

Voltage follower (Vx/Vy) 

Current follower (Iz/Ix) 

 

800 MHz 

1.1 GHz 

Slew Rate (SR) 0.259 V/ns 

RX, LX 1.1 kΩ, 38 nH 

RY, CY 500 GΩ, 0.044 fF 

RZ, CZ 152.67 kΩ, 0.48 fF 
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Table 2. The aspect ratios (W/L) and bias currents of the transistors in Figs. 1 and 2. 

MOS Transistors W/L (µµµµm/µµµµm) 

M1, M2, M5, M6, MC3, MC4, MC6, MC7, MC8, MC11, MC15, MC16 

MD3, MD4 

3/0.3 

M3, M4, M7, M8, MC1, MC2, MC5, MC9, MC10, MC12, MC13, MC14 8/0.3 

MD1, MD2 1/0.3 

MR1, MR2 0.8/0.3 

MR3, MR4 0.32/0.3 

MR5, MR6, MR7, MR8 0.27/0.3 

MR3-MR10 0.28/0.3 

IC1, IC2 20 µA 

I3, I4 100 µA 
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