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Abstract: The paper presents a possible design of an electronically tuneable current-mode RMS-to-DC converter. The circuit consists
of a single multiple-output current-controlled current differencing transconductance amplifier (MO-CCCDTA), two current-controlled
conveyors (CCCII), and a grounded resistor and capacitor. The errors related to signal processing were investigated and presented

in the paper. The PSpice simulation results are depicted, and they agree well with theoretical anticipation. The maximum power

consumption of the converter is approximately 5.80 mW, at 1.2V supply voltages.
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Elektronsko nadzorovan RMS DC pretvornik v

tokovnem nacinu

Izvleéek: Clanek opisuje mozno obliko elektronsko nastavljivega RMS-DC pretvornika v tokovnem nacinu. Vezje je sestavljeno iz
enega vecizhodnega tokovno krmiljenega tokovno diferencialnega transkonduktan¢nega ojacevalnika (MO-CCCDTA), dveh tokovno
krmi¢jenih ojacevalnikov (CCCII) in ozemljenega upora ter kondenzatorja. Raziskane in predstavljene so napake v zvezi signalom.
Opravljena je bila PSpice analiza, ki se dobro ujema s teorijo. Najvecja poraba pretvornika je 5.80 mW pri napajalni napetosti +1.2 V.

Klju¢ne besede: RMS-DC pretvornik; CCCDTA, MOCCCI, simulacije
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1 Introduction

Magnitude-detection circuits, e.g. envelope detectors,
peak detectors and RMS-to-DC converters produce an
estimate of a signal’'s magnitude, and are important
elements in communications transceivers, automatic
gain control systems and analog spectrum analysers

[11.

Mobile communication terminals or handsets have
become ubiquitous in the modern society, creating in-
satiable market demand for and more efficient power
supply solutions for the mobile terminal. Accurate
monitoring of the transmitting power of the mobile
terminal helps to optimise power consumption and
performance of the wireless network [2]. Detectors
intended for this purpose need to involve wide band-
width, high input impedance, low loss, low noise, and
are expected to be compact and robust in the presence
of process-voltage-temperature (PVT) variations. High
dynamic range and low power consumption are also
desirable.

Different methods have been reported for the preci-
sion measuring of the RMS value of an AC voltage, such
as sampling [2], Monte Carlo [3] and the wavelet trans-
form [4, 5]. The implicit RMS converter described in [6—
9] has been used for many years. Most of these devices
similarly comprise two main parts: a full-wave rectifier
(or absolute-value) circuit and a multiplier/divider cir-
cuit employing a log-antilog principle. High-frequency
performances of these devices are limited to less than
5 MHz due to the band-width and the slow rate of the
full-wave rectifier. Design technologies based on bipo-
lar dynamic trans-linear circuits were proposed to im-
plement true RMS-to-DC converters [10, 11]. Although
these schemes require only NPN transistors, their cir-
cuits are operated in only one quadrant and employ
full-wave rectifiers. The new design for RMS-to-DC
converter relies on the dual trans-linear-based squarer
circuit proposed in [12, 13], where the input current
can be a two-quadrant current signal. Given that the
full-wave rectifier is not required within this conversion
scheme, the circuit exhibits a wide bandwidth, which,
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due to the input interference, still appears limited com-
pared to thermal-based or diode-based detectors [14].

Presently, there is a growing interest in synthesising the
current-mode circuits because of a number of their po-
tential advantages such as larger dynamic range, high-
er signal bandwidth, greater linearity, simpler circuitry
and lower power consumption. The current differenc-
ing transconductance amplifier, CDTA [15], appears to
be a versatile component in the realization of a class
of analog signal-processing circuits. This device is quite
suitable for the synthesis of current-mode circuits with
electronically tunable properties. Moreover, the use of
the CDTA as an active element provides the circuit im-
plementations with a reduced number of passive ele-
ments, thereby leading to compact structures in some
applications.

This paper presents the principles of operation, and
the detailed circuit design of the new current-mode
realisation of the bipolar RMS detector. The proposed
detector uses an implicit computation to calculate the
RMS value of an input signal, similarly to the translinear
principle. The paper looks at a small-signal approach
to the problem, i.e. voltage-to-current relations are re-
garded as linear, while in translinear circuits, the abil-
ity of exponential function to convert a sum of signals
(voltages) into signal products (currents) is utilised. The
fundamental building block is an analog multiplier/
divider realised with one MO-CCCDTA, the anticipated
exploitation of the proposed circuit being extended up
to 10 MHz, with increased linearity and precision in de-
termining the effective value. Unlike the detector de-
scribed in [16, 17], which was realised using the CMOS
technology, the one described in this paper involves
simpler and more accurate control structure. Besides,
the proposed circuit does not require a more precise
bias voltages realization and complex transistor pair-
ing, which was typical of the realisations described
in [16, 17]. Additionally, it has fewer active building
blocks and allows a faster access to the required feed-
back — the RMS of the input signal which is the subject
of processing. In addition, the circuit comprises two
grounded passive components (resistor and capacitor),

rendering it very suitable for the IC implementation.
The PSpice simulation results are also shown, and they
are in agreement with theoretical analysis.

2 Proposed detector circuit

The proposed current-mode RMS detector using the
MO-CCCDTA and MO-CCClIs [18] is shown in Fig. 1.
MO-CCCDTA properties are similar to the conventional
CDTA, except that input voltages of MO-CCCDTA are
not zero and the MO-CCCDTA has finite input resist-
ances R and R at the p and n input terminals, respec-
tively. These parasitic resistances are equal and can be
controlled by the bias current I, (Fig. 2).

*h. j_w“ Ly gl Ve *135
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MO-CCCll+z —r MO-CDTA x, CCCII *+2p>

I’ >4

Figure 1: The proposed RMS circuit

Using the standard notation for the MO-CCCDTA, the
circuit can be described by the following constitutive
equations:

vy =V, =01, =i, —iy, and i, = g,v, =g,Zi, (1)

p
where p and n are input terminals, zand + x are output
terminals, g, is the transconductance gain, and Z is ex-
ternal impedance connected at the terminal z. Based
on the expressions above, the current flow out of the
terminal z (i)isa difference between the input currents
through the terminals p and n (ip—in). The voltage drop
at the terminal z is transferred to the current at the ter-
minal x (i) by a transconductance gain 9, of the CDTA.
These currents, copied to a general number of output
current terminals x, are equal in magnitude.

While there are several technologies to realize the
CDTA, one of the possible bipolar realizations is shown
in Fig. 2.

Figure 2: Bipolar realisation of MO-CCCDTA
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It mainly comprises a current differencing circuit
formed by two current followers, a basic current mir-
ror and a multiple-output transconductance amplifier.
Here, the transconductance gain g of the CDTA is di-
rectly proportional to the external bias current /, (three
bias currents I, I, and I, in the case of proposed con-
verter circuit, Fig. 1), which can be written by:

_1p
gm_zVT

(2)
where V =26 mV at 27°C is the usual thermal voltage
given by kT/q, k = Boltzmann’s constant = 1.38x10?%
J/K, T = the absolute temperature (in Kelvins), and g =
1.6x10" C.

Generally, a MO-CCCIl is a multiple-terminal active
building block, as shown in Fig. 1. The port relations of
the MO-CCCII can be presented by the following equa-
tion [1]:

=V, +i R_;

i, =0;vy R =i,
The bipolar realisation of the MO-CCCll is proposed in
[18]. In this case, the parasitic resistance R _at the termi-

nal x can be expressed by:

Ry = L2 @)
21

where V. is the thermal voltage and I (’37 and lsin the
proposed realisation, Fig. 1) is the bias current of the
conveyor which remains tunable over several decades.

By the routine analysis of the proposed RMS circuit
shown in Fig. 1 and using the properties of MO-CCCD-
TA and MO-CCCII, the output current at z terminal of
MO-CCCDTA is obtained by:

I, =1, =1z (5)
whereupon the output voltage at z terminal (V ) of MO-
CCCDTA equials:

I 2V 1.
Vz: x3 _ T4in (©)

Em3 Ir

Figure 1 infers that Ip, =1; ,Ip3=—1;, and Igy =1,.
Thus, the I, and l,can be obtained by:

2

I; .
I = glez:ﬁlflin>0
0if I;, <0
; (7)
Olf]in>0
I = 2
x2

Iz
gm2Vz z%lf]in <0

r

The equation above suggests the output current/ as

2 2

2 R,V
Il‘_[1+12_ =X _Wn (8)
ou x x I3 R,'Z Vo

Where R, . The current | is then converted to
the output voltage '« With animplied low-pass filter-
ing function. We can recognise that the output current-
to-voltage conversion (with second CCCII) establishes

a differential equation relating the current, /_, to the
output voltage, V. ,i.e

(0)+ V1) = Foug () o =—— 0

out a)O Eout ’a)o_RC ©)

A simple way to obtain this equation is to determine
the transfer function relating /| to V_, and then take
this back to the time domain. Equation (9) is the gener-
ic time-domain description of a low-pass filter, where
the coefficient of the undifferentiated term on the
LHS of the equation equals the filter cut-off frequency.
Equation (8) can subsequently be combined with the
above to obtain:

Vout (t) + @V o (t) = 10)

RxZ

We may now multiply both sides of the equation by
2V . and make a simple observation incorporated into
the final result:

: 2
2Vout (I)Vaut( )+2(0 Voul( ) RVU% (t):>

(11)
d( 2 2 2 2
GV O20i20)=Z2ri0)

Equation (11) is a first-order differential equation re-

lating (V) and (¥, ), having the same form as (9).
Therefore, the square of the output is a low-pass fil-
tered version of the square of the input. Based on (11),
we can assume that:
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¢
2= 1 e 02)
RIC 0
The equation above (convolution integral) implies that
if the square root of both sides is considered, the out-
put is the root mean square of the input voltage, where
the integral is assumed to compute mean value func-
tion. The implied filtering function is thus given by:

where ws g, = 2
> db —
RC

(13)
The low-pass filter performs averaging of the RMS func-
tion and needs to be of a lower corner frequency than
the lowest frequency of interest. For line frequency
measurements, this filter is simply too large to imple-
ment on-chip, but the proposed detector requires only
one capacitor on the output to implement the low-
pass filter. This capacitor can be selected by the user,
depending on frequency range and settling time re-
quirements. Low-pass filtering the square of the input
sine functions with some a certain amplitude, frequen-

cy and phase shift (7}, ()= cos(ax + ¢)), as suggested
by (11), yields a time function y(t) given by:

2 1

o)== 1+ cos2ar) |= V(1) (14)

1+ 20/ oy )

The input phase shift, such as the net phase shift, af-
ter filtering of the second harmonic, yields zero phase,
thereby simplifying the form of y(t) without the loss of
generality. R/R, was set to unity for simplicity reasons.

If we assume that the input signal frequency is con-
siderably higher than the filter cut-off frequency, the
approximate final output can be rather successfully es-
timated with just a few terms of a Taylor series. Accord-
ingly, the DC component of the output voltage of the
proposed circuit, i.e. the apparent output RMS value of
the input and the associated second-harmonic compo-
nent of the output voltage resulting from the rapidly
decreasing magnitudes of higher harmonic terms, such
as the ripple (peak-to-peak ripple of the output), is ex-
pressed as:

1/16
VRms =|1- 5 Virue—Rrus
1+(20)/(03db) (15)
1/2
Vripple = Vtme—RMS

The equation above infers the accuracy associated with
the proposed circuit for measuring the effective value
of the input sine voltage signal. In the case of the in-
put signal described by the Fourier order, the estima-
tion defined by (15) gains in complexity, whereas it
also clearly implies that it is possible to filter and single
out the effective value of the signal processed in the
respective manner.

3 Non-ideal system analysis

The effects of MO-CDTA and MO-CCCII non-idealities
on the RMS detector performance are to be considered
in this section. By considering the non-ideal MO-CCCII
characteristics, equation (3) can be rewritten as:

iy =0 vy =av, +i R iy :+ﬂpix; i,_=-B,i, (16)

where ¢ =1-¢,, and g (|¢ |<<1) represents the voltage

tracking error from y to x terminal, B,=1-¢, and g,
(|£p|<<1) denotes the current tracking error from x to

+zterminal, while B, =1-¢, and_(|¢ [<<1) stands for
the current tracking error from x to —z terminal of the
MO-CCCII, respectively. Given the non-idealities, cur-
rents generated from first and second CCClls (first and
third circuits of the proposed realization in Fig. 1) can
be defined as:

;o g BV,
n— " 5 —4iB2 =75 >
Rxl P Rxl
(17)
T on = /BnlalVin ] = ﬁpZO(ZVout
B3 =75, tr—7 5
Rxl Rx2
In practice, the deviation from the ideal performance
of the proposed RMS circuits is mainly due to the non-
ideal CDTA characteristics, which can be divided into
two categories, i.e. parasitic gain effects and para-
sitic impedance effects. Fig. 3 illustrates the simplified
equivalent circuit represented by the behavior of the
non-ideal CDTA.

. Ideal CDTA .
i} R iﬁgmiv:, ilu,
p O—-M— p' 5% O x
; Rz TC. | .
In R 6‘;7",; *anigly» 1y
n —> A 'z f ] * w —>
> n z O Z
RZ EE T CZ

Figure 3: The equivalent circuit of the non-ideal CDTA
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A practical CCCDTA device can be modelled as an ideal
CCCDTA with finite parasitic resistances and capaci-
tances, as well as non-ideal current transfer gains and
a transconductance inaccuracy factor of the CCCDTA.
Fig. 3 shows a more sophisticated circuit model to
represent the non-ideal CCCDTA device, where Rp, R,
R, and R, are the terminal parasitic resistances. Rp and
R, are the current-controllable parasitic resistances,
where R _and R, as typical values of the parasitic resist-
ances, connected to the terminals x and z respectively,
are in the range of several mega-ohms. C and C are the
terminal parasitic capacitances from terminals x and z
to the ground (the shunt output impedances (R//C,
and R//C) at terminals z and x, respectively). Typically,
these parasitic capacitances are in the order of several
pFs.InFig. 3, o represents the non-ideal current trans-
fer gain from the p terminal to the z terminal of the CC-
CDTA, o, denotes the non-ideal current transfer gain
from the n terminal to the z terminal of the CCCDTA,
and B is the transconductance inaccuracy factor from
the zterminal to the x terminal of the CCCDTA. The typi-
cal values of the non-ideal current transfer gains and
the transconductance inaccuracy factor o, o, and B
range from 0.9 to 1, with an ideal value of 1.

Based on the circuit representation in Fig. 3 and the
proposed RMS detector, and given the non-ideal CDTA
characteristics, after applying the non-ideal equivalent
circuit mode of the CCCDTA to the proposed circuit, te-
dious derivations lead to the following modified char-
acteristic equation):

ABpVin . 4BV
ip=1Ipy= R ilps = R
x1 x1 (18)
_ aZ:BpZVout iy
r sz B4
R
V,=—2 (i, - Be,3V.)=
z 1+SRZCZ( p'p ﬁng z)
_ apR, i
1+ Bg R, +sR,C, P (19)
_ ]r _ a2ﬂp2Vout
Em3= =

2y 2VpR,

The modified output current for the proposed RMS de-
tector can be rewritten as:

Rl)c
1+5C R Ry (1+sCR
BemVz Ll =BemV: H ) Vin >0
R R 7 Ric(1+5CR)+ R(L+5C1c Ry, )
_ 1+5Ci R, 1+5CR
[Hllf - RZX
1+5Cy Ry Ry, (1+5CR) (20)
PemaVz =fgm2Vz Vin <0
Ry R * Ry (14+5CR)+ R(1+5Cy Ry, )
1+5Cy Ry, 1+CR
_Ip . _Ip
Eml =5y 8m2 =

It follows that:

aBp\Vin
R

Wy

apR; aBplVin Ry, (1+5CR)

Ra  Ric(l+sCR)+ R(L+5C Ri)

3.

B2V ou

1+ R, +sR.C.
B R SR,
Riy(L+5CR) Ro Vi .

Ry (14 5CR)+ R(1+5C1xR1x) R Vour

of Bct, R

Vip >0
V7 V7

2L Ry + ferBpaR. +2— L RypsR.C.
VO Vou/

) RullrscR) Ry 1
"Ry (14 5CR)+ R+ 5C1xR1x) R Vour
=) i
o Ry a,R; aBpVin

B
2V, 0 fpVy R
Ty po Ra

2VrRy> B

1

Ry, (1+5CR)
Ry (1+sCR)+ R(1+5Cy Ry

o BuBpioipR: Ry (1+5CR)

Ry (1+sCR)+ R(L+5Cy Ra) R,

sz Vir .

Vour

- V.

in

<0

v

2L Ry + BorBpaR. + Zinz.\'R.C R
V(WI OI(Y

Roy(1+5CR) Ry Vi

Ry (1+5CR)+ R(1+5Co Rax) R Vour

ks)

R

202
(4] ﬂplapRz

V.
Rx2 + ﬂa2ﬁp2Rz + ZVL

out

szstCZ ]

2
] ﬂnlﬂplapRz

V v
27VT sz +,Ba2,3p2Rz +2——

out

kZ(S)= [

Rx2SRzCz ]

out

The expressions above infer that the deviations in the
transfer current gains are mainly the result of parasitic
gains of the CDTAs. In order to improve the discrepancy
to theoretical response, a high-performance CDTA with
minor parasitic effects need to be employed. However,
easy compensation for these deviations is possible by
adjusting the values of I, and |, respectively. The out-
put voltage of the proposed RMS detector is defined as:

R' . " RRix .
Vou = PenV= T g R+R. (3
C'=C+Cysi=102.

Given the non-ideal characteristics of MO-CDTA and
CCClls, the implied filtering function implies that:

H'(S):k Ky ELC'HD,
Rl S+ W34 (24)
where @'y 5, = ;i=1,2.
3db RC'

Equation (24) suggests that filtering function, repre-
sented by the integral operators (equation (12), poses
different characteristics in comparison with the ideal
situation (equation (13), especially in the operators’ be-
havior at higher frequencies.
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4 Simulation results

To confirm the given theoretical analysis, the proposed
current-mode bipolar RMS circuit in Fig. 1 was simulat-
ed using the PSpice program. The CCCDTA and CCClls
were realized by the schematic bipolar implementa-
tions given in Fig. 2 and [18], with the transistor model
parameters of PR200ON (PNP) and NP20ON (NPN) of the
bipolar arrays ALA400 from AT&T [19]. The supply volt-
ages and the values of the bias currents were +V = -V
=12Vand [, =I,=100 uA, I,= 300 pA respectively,
whereas the input voltage was within the range of 0 +
500 mV.

Fig. 4 shows the wave form of the signal at the output
of the circuit shown in Fig. 1 (voltage v_.(0), whereby
the total power dissipation was 5.80 mW. Small power
consumption of the proposed circuits results from the
application of low-voltage current mode and transcon-
ductance mode integrated circuits, with the use of bi-
polar transistor technology. Applying the current mode
signal processing to solve the issues under considera-
tion is a sensible approach to the problem. However,
similar and sometimes lower power consumption can

be achieved using CMOS technology instead of the bi-
polar one.

The output ripple is always considerably greater than
the DC error; therefore, filtering out the ripple can
substantially reduce the peak error without applying
a long settling-time penalty by simply increasing the
averaging capacitor. The rippling of the output volt-
age generated in this manner is lower than in detec-
tor [16, 20], followed by the shorter feedback as well.
Linearity may seem like an odd property for a device
that implements a function involving two very nonlin-
ear processes: squaring and square rooting. However,
an RMS-to-DC converter has a transfer function, RMS
volts in to DC volts out, that should ideally have a 1:1
transfer function. To the extent that the input to output
transfer function does not lie on a straight line, the part
is nonlinear. Fig. 5 (a) shows the DC transfer function
nearing zero in the proposed circuit. Given that the dy-
namic range has nonlinearity level lower than 1dB, the
dynamic range of the circuit proposed in this paper is
around 35 dB. The proposed detector circuit involves
higher linearity compared to the ones described in [16,
20, 211.

Temperature: 27.0

8.0mV

6.0mV

4.0mV

2.0mV

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

0s 2ms 4ms

Time

6ms Sms 10ms

Figure 4: Time-domain response of the proposed RMS circuit for the sine input signal
(Vin () =10sin(2z fH)[mV] | f=100 kHz, R= 180 Q, C=5 pF)
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Figure 5: a) DC transfer function near zero; b) Perfor-
mance vs Crest Factor

Crest Factor represents a common method of describ-
ing dynamic signal wave shapes. It is the ratio of the
peak value relative to the RMS value of a waveform. For
example, a signal with a crest factor 4 has a peak four
times its RMS value. The proposed circuit performs very
well with crest factor 4 or less, and responds with a re-
duced accuracy to signals with higher crest factors (Fig.
5 (b)). On the Fig. 5 (b) the “SCR waveforms” refers to
the ideally chopped sine wave. High performance with
crest factors lower than 4 can be directly attributed to
the high linearity throughout the proposed solution.

Fig. 4 shows the result for pure sinusoid signal. How-
ever, as an RMS detector, the circuit should have con-
sistent response in signals with equal powers but vari-
ous waveform shapes. Thus, the circuit was simulated
using various input waveforms to verify the RMS power

detection function. The simulated detector responded
to the single-tone sinusoid, two-tone signals (with
frequencies of 1 MHz and 3 MHz, and amplitudes of
100 mV and 50 mV), square-waves (duty cycle = 50%)
and triangle waves given in Fig. 6. All the used signals
were at TMHz. The relative errors were lower than 0.04
% for P, = -20 dBm. Given that the dynamic range has
nonlinearity level lower than 1dB, the dynamic range of
the circuit proposed in this paper is around 36 dB.

The frequency responses, dynamic range of this bipo-
lar detector, were all comparable and even superior to
most diode detectors. The error in computing the ef-
fective value of the processed input voltage signal was
lower than in [16, 22-26], whereby the circuit of the
proposed detector, which includes a wider dynamic
range, facilitates the realization more favourably than
those described in [21, 23, 26, 27]. Similarly, it does not
require a specific compensation procedure.

0.06,

0 I«

< 0.04x S e S
5 0.02 —
5
5 0
£.0.02 e |,
= W~
~ 20.04 *A—A\A,/A\\A\_A

-0.06

50 45 40 35 30 25 20 -I5

Figure 6: The simulated response of a single detector
to various waveforms.

5 Conclusion

This paper reports on a new electronically controlla-
ble bipolar translinear RMS-to-DC converter. The pro-
posed circuit employs two CCClls, one CDTA and two
grounded passive elements, which is advantageous for
integration point of view. The proposed circuit ensures
high precision, wide bandwidth and high accuracy.
The PSPICE simulation results were depicted, and they
agree well with the theoretical anticipation.
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