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Abstract—Log-conformance error (LCE) of a successive detec-
tion logarithmic amplifier (SDLA) can be reduced using signal-
strength detectors with linear or sub-linear dependence on
input amplitude. This work combines absolute-value detectors to
reduce the LCE, clamps to reduce internal swings, and increase
the bandwidth, and appropriate temperature dependence for
amplifier bias currents to implement a logarithmic detector with
>100dB dynamic range, +1dB LCE, and 20 MHz bandwidth
over the —40 to 125°C temperature range. Measurement of 32
devices shows a 43.1 mV/dB nominal slope, and an untrimmed slope
variation of +2.8% across this temperature range. The minimum
detectable is 21 pV,, and improves to 10 pV,, with a front-end LNA.

1. INTRODUCTION

In recent years, ultrasound sensors have been used in various
applications such as proximity measurement and object detec-
tion. The need to detect the strongest as well as the weakest
echoes of the transmitted signal mandates wide dynamic range
receivers. One of the methods for wide dynamic range signal-
strength detection is to use a logarithmic detector (LD)[1],
[2]. Due to its open-loop structure, logarithmic detectors
are attractive in high-speed applications, but accuracy is a
concern[3]. Applications like double sheet detection, bubble
detection, material detection, and wireless spectrum sensing
require a dynamic range of more than 80dB and bandwidths
of the order of a MHz to tens of MHz[4], [5].

This paper describes a successive-detection logarithmic de-
tector IC with a dynamic range exceeding 100dB, and a log-
conformance error (LCE) of less than +1dB. It has a 20 MHz
bandwidth, and maintains a +2.8% accurate slope over a —40°C
to 125°C temperature range across 32 devices. It is shown that
log-conformance error (LCE) can be reduced using an absolute-
value signal-strength detector instead of the conventional
square-law detector. High bandwidth for large-signal operation
is maintained by suitably clamping the internal nodes of the
signal-strength detector. Slope accuracy over temperature is
maintained by using a combination of proportional-to-absolute
temperature (PTAT) bias currents in the amplifier chain and
zero-temperature coefficient (ZTC) bias currents in the signal-
strength detector. A front-end low-noise amplifier (LNA) and an
external band-pass filter (BPF) are optionally used to reduce the
minimum detectable signal.
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Fig. 1. Successive-detection logarithmic amplifier and typical characteristics[2].

II. SUCCESSIVE DETECTION LOGARITHMIC DETECTOR

Fig. 1 shows the successive detection logarithmic ampli-
fier (SDLA). It consists of a cascade of amplifiers with saturating
amplitude detectors from the output of each stage. The amplitude
detector outputs are summed to get the logarithmic detector
output. The figure also shows the individual amplitude-detector
outputs Vy to Vy6 and the log detector output Vy,. V1 to Vy6 are
geometrically spaced. Their separation equals the amplifier gain
A.When added, they result in the logarithmic curve V,.. V,, versus
(log) input amplitude is a straight line with ripples over a certain
range. The deviation from the ideal logarithmic line is called the
log-conformance error (LCE) and is also shown in the figure.
The error comes from the constant gain between the saturation
points of two successive stages. The amplitude detector can
be realized using any even function. Fig. 2(a) shows some
examples. It includes a linear full-wave rectifier realizing | X| and
a square-law detector realizing | X |?. The characteristics in Fig. 1
assumed a square-law amplitude detector and A = 6. Fig. 2(b)
shows the logarithmic detector characteristics when | X| and | X |?
are used for amplitude detection. The ripple is visibly higher in
the latter. The peak-peak LCE is 1.8 dB with |X| and 3 dB with
|X)?. This is because | X| has a higher gain at low signal-strength
and a lower gain for a high signal-strength compared to |X|?,
which more mimics the logarithmic function. Therefore |X]|
amplitude detection is used in this design. The LCE generally
depends upon the interstage gain A [6]. For a given dynamic
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Fig. 2. (a) Amplitude-detector characteristic examples, (b) logarithmic detector
characteristics using |X| and | X|? for the amplitude detector.

Skewed Input I
(a) Quad <

Fig. 3. Conventional amplitude detector using two skewed differential pairs[7],

[8].

range, reducing the gain and increasing the number of cascaded
stages in the successive detection logarithmic amplifier makes
the characteristics smoother and reduces LCE. But more stages
with smaller gain imply a higher power consumption, more die
area, and a higher input-referred noise. The present design uses
six stages with A = 10 (20 dB) to realize a target dynamic range
exceeding 100 dB.

III. AMPLITUDE DETECTOR WITH RECTIFYING CHARACTERISTICS

Fig. 3 shows the conventional amplitude detector using a
parallel combination of two K : 1 skewed differential pairs[7],
[8]. Its output current is given by

B 201 (K2 = 1)
" K2 +2Kcosh(Vx/V;) + 1

where Vy is the input, and V; is the thermal voltage. For small
inputs, it follows the square-law expression given below.

| K Vi \?
(K +1)2 ( V; )
As discussed in Section II an absolute-value amplitude detector
yields a lower LCE. Fig. 4 shows the proposed implementation.
The input Vx is applied to the differential pair Q> with a tail
current 2/ . The bias current /;, is subtracted at the collectors
using the transistors Q3 g. The difference currents are mirrored
using two current mirrors Q45 and QJg 7. The current mirror
outputs are added to obtain the output current /y . During positive
half cycles of the input Vx, Q7 cuts off, and the positive half
cycle is mirrored through Q4 5. During negative half cycles of
the input Vx, Q4 cuts off, and the positive half cycle is mirrored

(D

Iy

20 (K - 1)

Iy (Vx) = 1

@

through Qg 7. Thus, full-wave rectification is achieved. Qg and
Q10 are used to clamp the collector nodes. Without them, during
negative half cycles of the input, the collector of Q; gets pulled
up to AVCC because of the current pushed from Q3. During
the positive half cycles, the collector is pulled down to AVCC-
VEB. The resulting large-signal swing limits the bandwidth
of the amplitude detector. With this technique, the detector’s
bandwidth increases by 250% with an extra bias current of only
about 10%. When Qg and Q1 are added, the collector voltage
is clamped to V. . s+ VEB. To ensure robust operation, V. ;.
is generated using a replica circuit to ensure that the collector
swings of Q1> are minimized across PVT corners.

The maximum output of Fig. 4 is /7. When used in an SDLA
with amplifiers of gain A, the slope (referred to dB input) is
I;1,/201og(A) [6]. To maintain a constant slope, I; and A are
kept constant in this design. Fig. 5(a) shows the amplifiers are
realized as differential pairs with resistive loads followed by
emitter-follower buffers. PTAT current is used in this stage
to maintain a constant gain with temperature. Therefore, a
ZTC current reference is used for I;. With this choice, the
gain (voltage to current) of the amplitude detector falls with
temperature in complimentary-to-absolute temperature manner
but its input-referred saturation voltage increases in PTAT (4V;)
manner. When this cell is used in an SDLA, both the minimum
and maximum values increases by the same factor, keeping the
dynamic range same with temperature.
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Fig. 4. Proposed rectifying amplitude detector.

Fig. 5(b) shows the simulated characteristics of the conven-
tional (Fig. 3) and the proposed (Fig. 4) amplitude detectors.
Fig. 5(c) shows the SDLA characteristics using the two ampli-
tude detectors. The smaller ripple and LCE with the proposed
detector are evident. Tab. I shows the comparison of simulated
performance with the SDLAs of equal power consumption,
showing 55% LCE improvement, and for equal dynamic range,
there is 40% of power reduction.

IV. PrROTOTYPE CHIP

Fig. 6 shows the six-stage SDLA implemented in the proto-
type. It consists of three amplifier stages, a unity gain stage, and
two attenuation stages, a combination of cascade and parallel
gain stage implementation to achieve maximum dynamic range.
A comparator is added at the end of the amplifier chain. It toggles
at the input signal frequency, which helps to determine whether
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Fig. 5. (a) Amplifier stage, (b) Characteristics of the conventional and proposed
amplitude detectors, (c) Simulated SDLA characteristics based on them.

TABLE I
SIMULATED COMPARISON OF THE SDLA USING THE CONVENTIONAL AND
PROPOSED AMPLITUDE DETECTOR CELLS

For equal power For equal performance
Proposed Conventional Proposed Conventional
Power 7.8 mW 7.8 mW 7.8 mW 13.2mW
LCE +0.5dB +1.1dB +0.5dB +0.5dB
Input range ISpVyto 1.4V, | 22V, 1022V, || 15pV, to 1.4V, | 15pV, to 1.4V,
Dynamic range 99.4dB 100dB 99.4dB 99.4dB

the received signal is the desired one. The comparator has a
sensitivity of 300V, for 20MHz at SDLA input across the
temperature range. The SDLA can be used with single-ended or
differential inputs.

Fig. 7 shows the IC block diagram. It consists of a closed-
loop front-end low-noise amplifier(LNA) with ~ 20 dB gain and
a —3 dB large-signal bandwidth (LSBW) of 36MHz. An external
bandpass filter(BPF) centered at the desired frequency can be
optionally connected between the LNA and the SDLA to filter
out the noise of the LNA and out-of-band signals. The current
output of the SDLA is driven to off-chip Rr and Cp, which
set the slope and response time, respectively. The detector tail
current /7 is also generated using an external resistor to get
constant output voltage. The input can be applied to the LNA
for processing small inputs and directly to the SDLA for large
inputs. Both the LNA and SDLA are internally dc biased and
ac-coupled using external capacitors. External capacitors help
to operate at the desired frequency band.

V. MEASUREMENT RESULTS

The IC is implemented in a BiCMOS process. Fig. 8 shows
the chip photograph. The chip operates from 3V to 5.5 V. The
SDLA consumes 3.9 mA and the LNA consumes 2.1 mA. Fig. 9
shows the measured results with a 5V supply. Fig. 9(a) shows
the results for the AFE (LNA + off-chip BPF + SDLA). For
LCE = +1dB, the minimum detectable signal is 4/4.5/10 pV
peak with 40kHz/1MHz/20MHz inputs with correspondingly
centered BPFs with BPF gain of —17dB/-4.4dB/-7dB, and
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Fig. 7. Chip block diagram.

the maximum signal is 240mV peak. This corresponds to
a dynamic range of 95.7/95/87dB at 40kHz/1MHz/20MHz.
Fig. 9(b) shows the measured SDLA results. For LCE = +1dB,
the minimum detectable signal is 20/21nV peak and the
maximum signal is 2.7/2.3V peak corresponding to a dynamic
range of 102.6/100.7dB at 1MHz/20MHz. Fig. 9(d-f) show the
consistency in the slope and minimum detectable signal across
32 devices. The SDLA achieves a slope drift of 120ppm/°C and a
variation of +0.45 dB of dynamic range across the temperature
range for 20MHz. Fig. 9(c) shows the consistent LCE from
—40°C to 125°C within an input range from 23.7 nV peak to
2.23V peak at 20MHz. Table II shows the performance summary
and comparison. The standalone logarithmic detector (without
the LNA) is compared to other logarithmic detectors. The chip
presented here has a much higher bandwidth than [3], which has
a comparable dynamic range and has a much higher dynamic
range than the wide bandwidth designs in [1], [2], [6], [9]. The
SDLA with the LNA and external BPF centered at 20MHz is
compared to the ultrasound analog front-end in [10]. The work
presented here has a higher bandwidth. The higher figure-of-
merit confirms the overall performance of the proposed design.
Fig. 10 shows the test setup for double-sheet detection and the
measured signal levels with single and double sheets.

VI. CoNCLUSIONS

Log-compliance error (LCE) of a SDLA depends on the
gain of amplifier stages(A) used in the chain and also on the
individual signal-strength detector characteristics. It is shown
that LCE is lower for absolute value detectors compared to
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TABLE I
PERFORMANCE SUMMARY AND COMPARISON

andalone Loga Detecto A+ BPF + SDLA
Performance | This Work| Pranav [ Byun | Huang | W' [ qiorccen® | This Work | Tuss4440®
SSCS-L'23|TCAS-I'14| JSSCC’00 | JSSC'05 "
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(+1dB LCE)
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Sig":lz reauency Yes No No No No No Yes No
Typical LCE (dB) e e 205 e 07 205 el e
Supply (V) 5 15 18 2 3 5 5 3.1
1.195mm c‘:r“:::(er:;, 39 0.36 26 31 18 153 6 s
Power :mipation 195 054 4.68 62 39 765 30 345
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Fig. 9. Measurement results from —40°C to 125°C: (a) LNA+BPF+SDLA
characteristics, (b) SDLA characteristics, (¢) LCE (dB) of SDLA, (d)-(f)
Measured results across 32 devices.

square-law detectors. Using a combination of rectifying signal-
strength detectors and appropriate temperature dependence for
the bias currents, stable and wide-dynamic range operation with
low LCE is demonstrated over a wide temperature range and a
large number of devices.
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