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a b s t r a c t

This paper presents a new power efficient asynchronous multiplexer (MUX) for application in analog

front-end electronics (AFE) used in X-ray medical imaging systems. Contrary to typical synchronous

MUXes that have to be controlled by a clock, this circuit features a simple structure, as the clock is not

required. The circuit dissipates power only while detecting the active signals and then automatically

turns back to the power down mode. Medical imaging systems usually consist of several dozen to even

several hundreds of channels that operate asynchronously. The proposed MUX enables an unambiguous

choice of the active channel. In case of two or more channels that become active at the same time the

MUX serializes the reading out data from particular channels. This characteristic leads to 100%

effectiveness in data processing and no impulses’ loss. The proposed MUX together with an

experimental readout ASIC has been implemented in the CMOS 0.18 mm process and occupies

1100 mm2/channel area. It works properly in a wide range of the voltage supply in between 0.8 and

1.8 V. Energy consumed during the detection of one active channel is below 1 pJ, while the detection

time is about 1 ns.

& 2010 Elsevier Ltd. All rights reserved.

1. Introduction

Electronic signal detection and processing of X-ray images are
gaining widespread acceptance due to their inherent benefits of
data storage and transmission in a digital format as opposed to
conventional X-ray films [1]. At present, most nuclear medical
imaging devices use a scintillator–photomultiplier combination to
detect X-rays or gamma rays. The scintillator absorbs X or gamma
photons that are emitted by radionuclides introduced to the
patient’s body with pharmaceuticals, and re-emits the energy as
visible light. This light is absorbed by a photocathode of the
photomultiplier tube (PMT) and re-emitted as a burst of electrons.
Further data processing is performed using external analog front-
end electronics (AFE).

Due to the multi-step detection process that involves visible
light, PMT devices suffer from poor imaging resolution. Recently,
these problems were addressed by the fabrication of solid-state
detectors that operate at room temperature and convert X-ray
photons directly to electrical signals [1]. Charge carriers of these

detectors are sensed by an array of pixel electrodes (sensors) and
directly processed in the associated AFE that conditions the
analog signals received from the array of sensors and then
performs an analog-to-digital (A/D) conversion. The ability to use
solid-state detectors has enabled a great improvement in the
spatial resolution of X-ray based medical imaging techniques.

A block diagram of a typical AFE used in medical imaging
applications is realized as a multi-channel specialized integrated
circuit (ASIC), and is shown in Fig. 1. Each channel in this system
consists of a sensor (S), a charge amplifier (G), a pulse shaping
filter (PS) and a peak detector (PD) [2]. The signal processing
scheme in each channel starts with the detection of incident
radiation by a sensor that generates, as an answer, an equivalent
charge amount. The problem faced at this stage is a very small
charge, which for 1 keV X-rays is on the level of several dozen aC.
The other problem is the random distribution of this charge over
time. The amplifier is therefore used to amplify this charge and to
integrate it in an embedded capacitor. If this integration is fast
enough, the PS block receives the voltage, which approximately is
the Heaviside step function. The PS block is realized as a
continuous-time band-pass filter, which converts this step
function into a pulse with a given peaking time and the amplitude
that is linearly proportional to the value of the step voltage. The
subsequent PD determines precisely the peaking time, which is
necessary to catch the peak’s value, and finally to set up the FLAG
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signal, which is a request directed to the output MUX to read data.
Since pulses in particular channels appear asynchronously, a
special multiplexing that serializes the tasks is required. After
reading the data the MUX block reset the corresponding FLAG
signal and a given channel is ready to detect the next event.

In the literature one can find several AFE readout systems that
differ in the structure of particular blocks. The most advanced
solutions of this type with 32 asynchonously operating channels
have been described in [3,4,22]. In the chip described in [3,4] two
16-channels preamplifier-shaper ASICs produce unipolar pulses
with 1.2 ms width, which are provided to a self-switched MUX
(SSM). The SSM chip consists of a comparator bank, 32:1 switch
matrix and arbitration logic. The SSM detects above-threshold
inputs and routes them to the output FIFO structure (first input
first output). It also presents the 5-bit address of the selected
channel at the output. In the circuit described in [3,4] no collision
mechanism has been applied, making this solution generally
sufficient in cases when impulses occur seldom in time. If two or
more impulses arrive near in time (simultaneous events), the
impulses overlap and a collision occurs in the system, since
several channels try to connect to the output at the same time. As
a result, a portion of all detected impulses may be lost. This
problem might be important in some applications and therefore
the authors of [3,4] developed the Simultaneous Events Catcher
(SEC) that prevents the collisions of the simultaneous events. The
solution described in [22] is the first known circuit addressing this
problem.

Another AFE realized in the CMOS 0.18 mm technology has
been reported in [5]. This system is composed of 64 analog
channels and a synchronous analog MUX controlled by a multi-
phase clock. This clock cyclically, in the loop, checks all the
channels. This approach eliminates the collision problem from the
systems, but the MUX has to be active the whole time. This
approach limits the maximum data rate of a single channel to fS/M
per second, where fS is the sampling frequency of the MUX, while
M is the number of channels. Moreover, the clock makes the
overall circuit much more complex. Looking from both the power
dissipation and the chip area points of view this approach is not
the most optimal. The MUX occupies an area of more than
2.5 mm2, although 66% of this area is occupied in this case by
differential amplifiers used to compensate the noise.

The AFE in medical imaging applications can also be realized
without the explicit MUX block. In the system with 32 channels
reported in [6] instead of using the MUX, followed by a high data
rate analog-to-digital converter (ADC), as shown in Fig. 1, each
channel has its own converter, while the outputs of the channels
are shortened together. A disadvantage of this approach is the
large number of ADC blocks that significantly enlarges the chip
area. This system in the CMOS 0.25 mm technology occupies

42 mm2 with about 20% of this area occupied by the ADCs, which
are in this case 10-bits charge-redistribution successive approx-
imation (SAR) converters. In this type of converters capacitors
occupy a large chip area [7,8]. On the other hand, the advantage of
this approach is that it eliminates the bottleneck problem that is
caused by insufficiently fast single ADC at the output of typical
AFE systems. In systems with a large number of channels, in
which the number of events is also large, this is an important
feature. In such systems the possible solution could be a mixed
one with intermediate number (K) of ADCs, and K MUXes each
with M/K inputs. Such an approach is to be explored in the future.

In this paper we focus on the last element in the signal
processing chain, i.e. the MUX circuit, which in this approach has
been designed as a fully asynchronous circuit. The proposed
circuit enables detection of the active channel in less than 1 ns.
The circuit has a built-in de-randomization mechanism that
eliminates collisions in the system even if all channels become
active at the same time. Since the proposed circuit operates in an
asynchronous fashion, it can be viewed as an alternative solution
for the solution reported earlier in [22]. In [22] the block
preventing the collisions is placed at the input of the system.
This block directs the input signals to one of the eight channels
containing peak detectors and time-to-amplitude converters
(PD/TAC), which is available at the moment, i.e. does not process
any signal. As a result, the system is able to handle eight
simultaneous events at the same time. In our circuit the collision-
preventing block is included in the MUX, which is the last block in
the system. In this case particular channels operate indepen-
dently. The proposed system is able to catch the number of
impulses equal to the number of channels, as each channel
contains its own PS and PD blocks. The bottleneck in this system is
the output ADC. Comparing both these solutions the proposed
circuit is able to catch more simultaneous events, but on the other
hand the solution described in [22] requires smaller number of
the PD blocks (eight in this case),which are shared between all
channels.

The paper is organized as follows. An overview of typical MUX
architectures is described in the next section. Section 3 is devoted
to the proposed multiplexer realized in the CMOS technology.
A verification of the conscience mechanism by means of detailed
postlayout circuit level simulations is presented in Section 4.
Finally the conclusions are covered in Section 5.

2. Multiplexing circuits—an overview

Multiplexers are widely used in various fields of industry,
mostly in telecommunication and also in medical applications, in
nuclear physics and others. A manifold of different multiplexing
circuits, both digital and analog, have been reported in the
literature [9–19]. So far in most cases synchronous solutions were
used that are controlled by an arbitrary clock circuit that
determines the multiplexing data sequence. On the other hand,
asynchronous solutions are useful in those applications where
data occur randomly at the inputs, e.g. in nuclear medicine.

Since the application of the proposed MUX significantly differs
from that of the synchronous circuits, we do not focus in detail on
particular state-of-the-art solutions, presenting only those
information that are necessary to place our circuit in a proper
perspective.

Several typical MUX architectures are usually distinguished
[11]. The most popular of them are based either on the shift
register concept [9], the multi-phase approach also known as a
single-stage [5,10,19] or the binary-tree (BT) structures [11–18].
The first two are straightforward structures, which are able to
handle an arbitrary number of inputs, which is one of the
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advantages. Unfortunately in the shift register-type MUXes all
circuit components operate at the highest rate, which usually is
the source of high power dissipation [11]. On the other hand, the

multi-phase solutions feature a simple structure and require a
low frequency multi-phase clock, which is an advantage but suffer
from large capacitive load that limits the maximum sampling
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frequency. The binary-tree MUXes to some degree overcome the
limitations of the first two architectures. The capacitive load is in
this approach much smaller than in the case of the multi-phase

structures, so it can operate at higher speed. In the binary-tree
MUXes particular layers in the tree operate at different frequen-
cies. Since only some blocks operate at the highest speed the
power dissipation is therefore reduced. A disadvantage of this
solution is that it requires a multi-rate clock, in which distribution
of different frequency clock signals has to be precisely controlled.
Despite its disadvantages this approach recently is the most
frequently used [11–18].

Considering analog data processing, e.g. in medical imaging
applications, the most reasonable MUX structure that can be
applied is the multi-phase one. In the other two cases input data
need to be copied several times in the structure, e.g. between
layers in the tree. In case of analog signals the copying process
would be the source of large errors. In the binary-tree structures,
for example, data are copied log2 M times, while in the shift
register MUX even M times. This is the reason for using only
multi-phase structures in medical imaging systems [3,5]. While in
all these cases a similar structure is used in the analog signal path,
with only some modifications, an essential difference exists in the
structure of the channel selection circuit that always is a digital
block. In the AFE described in [5] the loop selection sequence is
imposed by the arbitrary clock. Since this is a typical multi-phase
scheme, the MUX has to be oversampled at least M times, in
comparison with the data rate of particular channels, to ensure a
proper reading out of all data. We have proposed quite a different
approach, which can be referred to as the asynchronous one. The
analog signal processing path is similar to those used in [3–5],
while the channel selection circuit is based on the binary-tree
concept. In this approach, to detect any active channel, the most
log2 M switching operations (steps) in the tree are required, but
since in some cases no switching occurs, the average number of

Fig. 3. A prototype AFE chip implemented in the TSMC 0.18 mm technology. The

MUX block composed of seven active channel detection blocks (ACDB) occupies an

area of 300�30 mm2.
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switching operations equals 0.5 log2 M. These steps are
started automatically with a delay of only two logical gates
and without the arbitrary clock, which allows for achieving
very small detection times and consequently relatively high
data rates.

3. The proposed asynchronous multiplexer

The proposed MUX has been optimized for application in AFE
that operates asynchronously. The role of the proposed circuitry is
to detect the event of data appearing in one of the M input
channels, and to establish a connection between the given active
input and the MUX output in order to read out data. Upon
detection, the MUX copies the peak of the analog impulse stored
in the sample-and-hold (S&H) cell to the output stage, and
determines the address of a given active channel. The general
MUX architecture used in this application is fairly typical
(a tree-type structure), but mechanisms used to detect the active
channels proposed here are novel. The binary-tree structure
ensures an unambiguous selection of only one path between a
given MUX input and the output.

One of the most important innovations is that the proposed
MUX does not require an external clock and operates fully
asynchronously. As a result, for all channels being inactive the
circuit is in the power down mode and is automatically activated
when new data occur at any input. Since the circuit is composed
of CMOS elements, in the standby mode it consumes a negligible
power of several nW only. One of the features introduced in our
circuit, which typically is not used in synchronous MUXes, is the

mechanism that allows detecting the address of the channel that
became active. This information is relevant in medical diagnostics
applications as it provides information on the pixel address that
has received X-ray photon.

One of the introduced innovations is the ability to solve the
problem of collisions between events. Even if two or more
channels become active at the same time, the circuit properly
serializes access to the MUX output so that no data will be lost. As
long as a given active channel is being read out, data in other
channels are held and these channels are not allowed to detect
new events. After reading out data a given channel is reset (its flag
becomes logical ‘0’), while the MUX automatically turns to
another active channel.

The general structure of the proposed MUX is shown in Fig. 2(a).
It is composed of M-1 active channel detection blocks (ACDB),
shown in detail in Fig. 2 (b). The MUX can be in several states. In
particular ACDB input signals are flags (F) received either directly
from the corresponding channels, in the case of the bottom
layer in the tree, or from the preceding layers. If all flags are logical
‘0’, which means that all channels are inactive, the overall structure
is in the standby mode. Each ACDB contains an asynchronously
started 2-phase clock that is composed of a D-flip flop (DFF). The
operation principle of this concept has been explained for an
example case of M¼4, i.e. for two layers in the tree and two ACDBs
at the bottom layer, namely ACDB11 and ACDB12, and one
(ACDB21) at the top. The example sequence is as follows:

1. For all flags F11–F14 being ‘0’, signals X11–X14 are also ‘0’ and
the corresponding signals Y are logical high. Similarly, flags
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F21 and F22 are zero, signals X21 and X22 are zero, as well as
clock enable EN in each ACDB is zero. In this case the tree is
turned off.

2. As a signal appears in channel 1 its corresponding flag F11
changes to logical high. As a result the F21 flag changes to
logical high as well. At this point there are two options:
2.1 clk1 was logical low (clk2 was logical high) at the moment

that the signal appeared in channel 1 and the correspond-
ing F11 flag was set. As a result, outputs of A1 and A2 in
ACDB11 are still zero, while Y is logical high, and since F21
is one, EN becomes logical high starting the clock for the
ACDB11 pair. After one clock cycle clk1 becomes logical
high and the X11 signal becomes logical high, which stops
the clock.

2.2 clk1 was one at the time the signal appeared in channel 1
and the corresponding F11 flag was set. In this case A1
output is at one that causes Y21 to change value to zero
and the enable signal EN in ACDB11 remains zero. In
consequence, the clock was not started as desired.

3. Almost parallel with the operation described in point 2 above
the ACDB21 circuitry at the second level is activated as the
F21 flag becomes logical high after only one OR delay.
Subsequently, that circuit operates exactly in the same fashion
as at the lower level. The asynchronous operation plays in this

case the main role, as even in the case of larger numbers of
layers in the tree the proposed MUX is able to establish
the connection between the given input and the output
after time that is equal to a delay of several OR gates only.
Once the connection is established the MUX is further in the
standby mode.

4. It is important to point out that the clock in any ACDB is
automatically started only in a situation where one channel is
active and the clock is not pointing at this channel. In the case
when both flags F11 and F12 are active at the same time
and connection between one of these inputs and the MUX
output is established, the second flag must wait until the
first flag is reset. This is one of the main advantages of
the proposed solution as even in the worst case scenario,
when all flags are logical high at the same time, access to the
output is always limited to only one input, while other
channels must wait. This prevents collisions at the MUX
output, as mentioned above.

The access to the MUX output is controlled by signals Sx that
control the switches in the analog paths (see Fig. 2(a)). These
signals depend on signals X from particular layers in the tree, as
shown in Fig. 2(c). This concept features a very simple structure.
Each ACDB block consists of only one DFF and several logic gates,
thus occupying a very small chip area.
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4. Implementation of the proposed multiplexer in the CMOS
technology

The proposed MUX has been applied in a prototype AFE with
eight analog channels realized in the CMOS 0.18 mm process, as
shown in Fig. 3. Other system components, i.e. the PS filter and
the PD with an S&H memory cell have been described by the
authors in [20,21]. The proposed MUX occupies an area of
0.009 mm2, i.e. 1100 mm2 per channel.

To illustrate the MUX performance selected transistor level
simulation results are shown in Figs. 4, 5 and 7. The MUX can
operate in a wide range of the supply voltage. Figs. 4 and 5 show
that the supply voltage only has an influence on the circuit speed,
while it does not affect its functionality. Comparing both these
cases one can see that the power dissipation is in the first case
higher by two orders of magnitude than in the second case but
since the circuit is ca. 10 times faster in this case, the energy
consumption per single detection operation increases only
moderately.

A comparative study for different values of the supply voltage
is shown in Fig. 6. Defining the performance index (PI) as a
ratio between data rate and the energy that is consumed by

the MUX during detection of a single event, it can be seen
that the most optimal case is for VDD¼1 V. For higher supplies we
increase data rate but at the expense of energy consumption
that increases much faster. On the other hand, reducing the
supply voltage allows for decreasing the energy consumption per
single event but data rate decreases faster, which is also not the
optimal case.

The results shown in Figs. 4 and 5 are for only one channel
being active at any time. This situation allows us to determine the
maximum delay introduced by the MUX, which is measured as a
period between setting up the flag at the output of a given
channel and a corresponding S signal (the address). The maximum
data rate that exceeds 1 GHz is for VDD¼1.8 V. In this case the
energy consumed per single event is the largest but is still below
1 pJ, which is much lesser than in synchronous MUXes reported in
the literature.

The results in Fig. 7 are shown for the worst case scenario, for
all channels being active at the same time. This case demonstrates
how the proposed de-randomization mechanism operates. Fig. 7
illustrates two cycles, each starting with the occurrence of all
eight flags at the MUX inputs. In this case, in the first cycle the 3rd
channel is read out as first. After the flag F13 is reset the ACDB12
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block immediately switches to F14. As the flag F22 is still ‘1’ at
this time, the clock in ACDB21 remains inactive. After reading out
the 4th channel only ACDB21 turns over and the 1st channel is
read out as next followed by reading out the 2nd channel. After
that ACDB31 turns over to group F15–F18 and the process
continues until all channels are read out. Note that after the first
cycle all ACDBs remember their last settings, which is the reason
for the opposite reading sequence at the next cycle. Looking from
the power dissipation point of view, this case is the most optimal
as only one ACDB turns over for each input data.

The proposed MUX can also be potentially used as a
synchronous circuit, as shown in Fig. 8(a) for an example case
of 8 inputs. In this configuration, additional 2-input AND gates
need to be used at the MUX inputs. The clock signals (clk1,y,
clk8) are applied to one input of the AND gates, while transmitted
data (In1,y, In8) to the others. In this case flag F41 becomes the
MUX output signal. In this configuration both the X and the S
signals are not used, since there is no need to determine the
addresses of the channels. Although in comparison with the state-
of-the-art solutions the data rate of this MUX is lower (about
1.5 GHz), but energy per single bit is below 0.3 pJ. This is two
orders of magnitude less than in the circuit described in [17] also
realized in the 0.18 mm CMOS process. Simulation results in the
case of the synchronous configuration are present in Fig. 8(b). The
input signals are sampled at the rate of 0.19 GHz, while the output
at 1.51 GHz. One of the advantages of this solution is that a multi-
rate clock that is typically used at particular layers in synchronous
binary-tree MUXes is not required in this case. This significantly
simplifies the circuit structure and reduces power dissipation.

Since the proposed MUX is going to be used in a commercial
AFE, careful tests on process, voltage and temperature (PVT)
variation have been undertaken. The results for VDD¼1.8 V as well
as for 0.8 V are shown in Fig. 9 for temperatures ranging between
�40 and 100 1C, and for several representative transistor models,
namely typical–typical (TT), fast–fast (FF) and slow–slow (SS)
models. As can be seen these parameters influence only the
achievable data rate. The presented results show that the most
optimal supply voltage is 1 V; as in this case there is the best
energy usage (see Fig. 6) and data rate is stable over a wide range
of environmental temperatures.

The results presented above are shown for eight channels, i.e.
for three layers in the tree. To illustrate the circuit performance in
a wider perspective, Fig. 10 presents the maximum achievable
data rate as a function of the number of inputs. The results shown
for two, four and eight inputs have been obtained during
transistor level simulations, while the results for larger numbers
of inputs have been calculated. The BT solution provides an
important advantage here. Even for large number of channels the
number of layers in the tree is small, e.g. 8 for 256 channels, so
data rate is not significantly limited in that case. The maximum
data rate can be calculated as follows:

fS_max ¼ fS_1ACDB=log2M ½Hz� ð1Þ

In the formula above fS_1ACDB is the maximum data rate of a
single ACDB, while M is the number of MUX inputs. Note that
doubling the number of inputs always adds only one layer to the
tree, which makes the data rate decrease rather moderately with
the number of inputs. This is an important advantage in
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Fig. 8. The proposed MUX used in the synchronous mode for the input data rate of 0.19 and 1.52 GHz at the output: (a) a test structure controlled by an 8-phases clock and

(b) the input and output signals. The results are presented for VDD¼1.8 V and a room temperature of 20 1C.
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comparison with other MUXes used in the AFE chips described
above.

Fig. 10 illustrates also the results for the synchronous mode. In
this case addresses of the channels do not need to be determined,
which makes the circuit significantly faster than in the asynchro-
nous mode and more power efficient.

In this paper we have presented only the simulation results of
the MUX. The main reason is that this circuit has been used as one
of the components of the AFE chip, in which the measurement of
the MUX as a separate block is not possible. Measurement results
of this particular chip do not provide exact information on the
achievable data rates, since particular analog channels in
the system operating at much lower sampling frequencies are
the bottleneck here. In our opinion the simulation results in this
particular case can be viewed as a good estimation of MUX
performance, as this block, being a simple feed-forward structure,
is composed of only digital elements. This additionally has been
confirmed by means of detailed corner analysis, as presented
above.

4.1. A comparative study with other multiplexing circuits

Performance comparison between reported MUX structures is
provided in Table 1. Since the most commonly used solutions are

the synchronous ones, used for multiplexing digital data, in our
solution we have pointed out the active channel selection time as
this is the comparable parameter. We should remember that if the
MUX is used in the AFE, a significantly larger time is required to
read out and then to reset the channel. For a meaningful
comparison a Figure-of-Merit (FOM) has been defined as a ratio
of a normalized sampling frequency to dissipated power per
single input:

FOM¼
ðfs=log2 MÞ
zfflfflfflfflfflfflfflffl}|fflfflfflfflfflfflfflffl{fNORM

ðP=MÞ
GHz=mW
� �

ð2Þ

To make the reported sampling frequencies comparable we
have normalized it to a single layer only (in case of BT solutions),
since each layer usually introduces an approximately equal delay.

One of the most important reported parameters is achievable
data rate. As shown in Table 1 the circuits implemented in the
CMOS 0.18 mm process, i.e. in the technology comparable with our
case, can be as fast as 5–10 GHz (for 8 inputs) but at the expense
of much larger power dissipation and larger chip area. On the
other hand, since the application of our circuit is specific, we
focused rather on power dissipation, as well as circuit complexity.
The MUX has been used in the AFE, in which reading out a single
channel takes ca. 100 ns. In this case a very large data rate is not
the most important parameter. Nevertheless, the sampling
frequency of ca. 1 GHz is not a significantly worse result, while
we achieved a much better FOM.

An important advantage of our solution is also a very good
matching of energy consumption to the values of the input data. If
in the asynchronous mode no events are present at the channels
inputs (i.e. all flags are zero) or in the synchronous mode most
input signals are equal in a given period of time, regardless of their
values, the circuit operates at low power dissipation or is in the
power down mode, since most or all ACDBs do not turn over in this
case. This makes the proposed circuit very useful in various
portable devices or in wireless sensor network (WSN) applications,
in which energy consumption is one of the main parameters.

5. Conclusions

A novel binary-tree multiplexer with ultra-low power, asyn-
chronous selection circuit has been proposed and realized in the
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CMOS 0.18 mm process. The proposed circuit has been designed as
an important part of the readout front-end ASIC for multi-element
detectors in medical imaging, where input data appear in random
fashion in the input channels. The proposed MUX offers an
alternative solution for a collision preventing circuit proposed
in [22].

A de-randomization block included in the MUX automatically
finds out those channels, which became active, i.e. detects the
peaks of the impulses, then holds the information on the
amplitudes of these peaks in analog memory cells of particular
channels as long as they will be read out by the output stage and
performs a reset of these channels at the end. One of the
important purposes of the proposed circuit is full elimination or at
least strong limitation of such situations, in which one or more
input signals attempt to connect to the output stage at the same
time. In the proposed circuit this feature does not depend on the
number of simultaneous events, even in the case of large number
of parallel channels.

The proposed circuit enables a simple standby mode when no
data arrives at its input. When detecting a signal the energy used to
detect one active channel is below 1 pJ (for 8 inputs). The circuit is
able to work with an input data frequency of about 1 GHz, which is
sufficient with a large margin in designed medical imaging
application where the data rate will be at the level of 10 MHz.
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Table 1
Performance comparison of selected MUX circuits.

Ref. Process [mm] VDD [V] M P [mW] fS [GHz] Type Area [mm2] FOM [GHz/mW]

[11] 0.18 ND 8 50 5 BTSa 0.9 0.27

[12] 0.12 1.3 4 105 15 BTS 0.66 0.29

[3] 0.18 2 16 30 3.6 SRb 42 0.48

[2] 0.15 2 8 118 3 MPc 42 0.07

[15] 0.18 1.8 16 24 1.65 BTS 0.858 0.28

[16] 0.18 1.8 16 36.2 2 BTS 0.78 0.22

[17] 0.18 1.8 8 30 5 BTS 0.029 0.44

[14] 0.18 2.2 8 112 10.2 BTS 0.13 0.24

[13] 0.18 1.5 2 40 40 BTS 0.30 2.00

[18] 0.18 2 2 110 15 BTS 0.11 0.27

This work 0.18 1.8 8 1.08 1 BTAd 0.009 2.47
This work 0.18 0.8 8 0.0096 0.1 BTA 0.009 27.78
This work 0.18 1.8 8 0.51 1.52 used as BTS 0.009 7.95

a Binary tree synchronous.
b Shift register.
c Multi-phase.
d BT asynchronous.

R. D!ugosz et al. / Microelectronics Journal 42 (2011) 33–4242


