
181018 LJS

SoC-level design
larssv@chalmers.se


DAT093

�1

mailto:larssv@chalmers.se


181018 LJS

Why? 

• Course focus (especially lab series) on rather small, self-
contained designs 


• Necessary skills regardless of design scope 


• Actual industry/research designs larger, with many 
constraints and dependencies 


• Some consequences addressed in other courses


• Discuss some other consequences today
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Why not just  
“system design”?

• Common aspects of system design apply also for SoC 
design 


• Size, complexity, team size, evolving specifications, …


• Implementation medium adds emphasis to some


• Will exemplify in this lecture
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What? 
• SoC: System on Chip 


• “an integrated circuit that integrates all components of 
a computer or other electronic system” [Wikipedia]


• Not only a many-core microprocessor


• “Next step” in trend towards higher integration 


• … but term was introduced already in the 1990s 


• Recall: a microcontroller is a processor with some 
peripherals (hard vs soft lecture, 181004)


• SoC: A microcontroller on steroids?
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16  Executive Summary 
 

THE INTERNATIONAL TECHNOLOGY ROADMAP FOR SEMICONDUCTORS 2.0:  2015 
LINK TO ITRS 2.0, 2015 FULL EDITION DETAILS 

 
 

Apple A8 Application Processor 
  Die size is 8.5 mm x 10.5 mm = 89.25 mm2 

         2 billion transistors, 10 metal layers, 9 Cu + 1 Al 

 
Fig. 5.4 A8 key features and die layout 

 

 
Fig. 5.5 iPhone 6 Application Processor and phone  layout 

SoC example 1

• Apple A8 processor A8 (2014)


• 20nm (TSMC), 2B transistors, 89 mm2
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iPhone 6

PCB

Consumer  

electronics
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SoC example 2

• Nvidia Xavier (2018) 


• 9B transistors, 350 mm2, TSMC 12FFN process

Autonomous 

vehicles

[wikichip.org]!6

Is this really an SoC? “Pegasus”



This page intentionally  
left blank 



181018 LJS

Common observations

• Several different programmable processors 


• A8: 2 ARM cores, 4 GPU cores


• Xavier: 8 ARM cores, many GPU cores


• Lund chip: RISCV + vector processor


• Memory (cache or other)


• Misc. peripherals (memories, JTAG, USB, etc)


• Interconnect for all this

!8
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Challenges

• Complexity 


• Performance


• Power 


• NRE cost


• Manufacturing cost 


• …

Cf. le
cture slid

es 1
80903

Slight changes
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1. Complexity 

• Not only very many transistors, but also many very 
disparate parts and sub-designs 


• Several “processors” with very different architectures 


• “Accelerators” (special-purpose blocks, very efficient at 
certain well-defined tasks)


• Interfaces (memory, networking) 

!10
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Complexity, cont.

• Each part must be programmed, configured, debugged, 
etc 


• Multiple instruction sets


• Multiple programming languages/paradigms


• Signal processing, graphics, machine learning, etc in 
addition to “standard” imperative programming


• Design team for 1B-transistor SoC needs much broader 
skill set than for 1B-transistor memory chip

!11
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2. Performance
• Not only performance requirements on blocks/cores, but 

also on all interconnects, data transfers, etc (involves 
interactions of several blocks)


• Bus interconnects such as in the Lund chip 


• Contention limits total bandwidth 


• Network-on-Chip (NoC) 


• Similar abstractions as in data networks 


• Scalability, modularity


• Guest lecture by Ioannis Sourdis tomorrow 

!12
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3. Power dissipation
• Not only need to cope with total power, but also with distribution in 

time and space 


• Include blockwise power-down mechanisms (unused 
processors, etc) and adaption (DVS; cf power lecture)


• Hot-spots may affect performance in many ways!


• Ex: clock skew may depend on heat profile!  

B. Skew Model with Temperature Variation

As suggested by [5], when a clock wire experiences a
temperature gradient, the unit-length resistance runit is as
follows,

runit(x,y,t) = ρ0 · [1 + β ·T (t,x,y)], (5)

where ρ0 is the unit-length resistance at 0oC, and β is
the temperature coefficient of resistance (1/oC). When the
embedding path d(M′i,sk) is fixed, we calculate the new
resistance by

R(M′i,sk) = ∑
∀e∈d(M′i ,sk)

E[runit(e)] · len(e) (6)

where E[runit(x,y)] is the mean value of resistance in edge e
(M′i,sk)

Following the conventional definition for the propagation
delay, the delay from the source node s0 to sink si, D(s0!si),
is the time required for the node voltage (waveform) to pass
100% of the peak voltage under the impulse excitation in the
source node. After obtaining the source to sink delay of j-th
routing configuration Con f i

j in level i, we can calculate the
worst case skew corresponding to Con f i

j as follows

Skewi = max
∀ sink sk

D(s0!sk)− min
∀ sink sk

D(s0!sk). (7)

The worst-case skew is then determined by those preserved
routing path from all levels.

C. Problem Formulation

The simultaneous hotspot avoid embedding and thermal
aware routing (TMST) problem is formulated as follows,

Formulation 1: (Simultaneously hotspot avoid embedding
and thermal aware routing (TMST)) Given source s0, sinks
s1 · · · sn, an initial clock tree embedding, and a set of tem-
perature variation maps, find proper re-embedding (including
merging point and re-routing) for the new tree to minimize
the worst case skew under the given temperature maps.

IV. ALGORITHMS

A. Overall Algorithm

Given a GDME-initialized clock tree construction, the re-
embedding by thermal aware Maze routing is performed.
The worst-case skew and re-embedding are determined in a
bottom-up fashion. At each level, the merging points and rout-
ing paths are picked according to their correlation strength.
Then the resulting routing path are routed through with strong
correlation area, and only those sink paths that could cause
large skew changes (high correlated) are selected for re-
embedding.

In summary, the overall algorithm is shown in Figure 2,
and the algorithm’s pseudo code is as presented in algorithm
1:

Put merging point in the largest correlation weight area of 
merging line.

Maze routing considers weight of distance 
and correlation cofactor

Fig. 2. Top view of overall algorithm

Fig. 3. Different routings cause different delays.

B. Correlation Cofactor

Smoother routing path guarantees more stable skew varia-
tion since the dynamic temperature variation over time gen-
erate different skews. The Thermal Aware Routing Topology
Optimization (TMST) is an effective algorithm that considers
the time variant temperature variations with spatial and tem-
poral correlation. TMST generates a temperature correlation
map by analyzing time variant temperature maps, and avoid
the hot spots that are indicated in the temperature correlation
map of the clock tree structure. Without using merging point
perturbation, we use thermal aware routing to balance the
skew, which can still keep the same or similar Manhattan dis-
tance. First, we build a macro model for temperature variations
to get temperature maps for various timestamps. To model
such on-chip time variant temperature, we impose a grid
onto the chip and each grid is assigned a temperature range.
This temperature range can be obtained by measurement or
thermal simulation. A complete instruction set is tested and
the corresponding K temperature profiles are obtained. The
overall temperature variation can then be obtained based on

109

[Liu et al.  ICCD 2008, pp. 107–113.]
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“Dark silicon”

• Maximum allowable overall power may be lower than sum 
of powers of all blocks 


• Then all blocks cannot be active simultaneously!


• Dark silicon: it’s there, but you cannot see/use/detect it 


• Viable idea e.g. if power is more important than chip area


• Ex: Include several versions of a filter with different 
power/performance, use the best one for each use 
case 

!14
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4. NRE cost 
• Not only design and verify each block, but also verify the 

whole system 


• Complex systems have more ways to malfunction 


• Simulation coverage shrinks with growing system size


• How select simulation cases?  


• Malfunction very expensive for large chip


• Direct cost of re-spin 


• Lost market opportunity

!15
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Verification dominates

• These numbers are across 1886 chip designs of all sizes

!16

[Wilson Research Group + Mentor Graphics, 2014 Functional Verification study]
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Verification success

• Larger, more expensive designs are taken more seriously?


• Attempted mostly by more mature organizations? 
!17
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5. Production cost 

• Not only production testing of each block, but also validation of their interactions 


• Cannot cover all possible interactions, so select significant use cases!


• Test parallelism may be limited by power dissipation (“dark silicon” again)

!18 [IEEE P1500 Architecture Task Force, 1999]
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Are these “SoCs”  
really full systems?

What about the analog parts?

�19
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Bluetooth transceiver 

• 180nm CMOS, 16 mm2, >1M digital gates, 2.4 GHz radio front end 


• Digital and analog parts designed separately and combined at layout


• 300um “moat” around the RF to attenuate switching noise 

VAN ZEIJL et al.: BLUETOOTH RADIO IN 0.18- m CMOS 1685

Fig. 11. Micrograph of the complete chip including digital.

3-dB bandwidth, the parasitic capacitances in the load resis-
tors, the feedback resistors and the MOS devices play a role in
the common-mode to differential-mode conversion.
Of course, it is not sufficient to only solve silicon-crosstalk,

other crosstalk issues (PCB, package, power decoupling) have
to be solved as well. The measured sensitivity of the receiver,
while Bluetooth reception is taking place (so the digital part is
running), is 82 dBm.

VIII. MISCELLANEOUS

The RFCMOS8 process with dual oxide thickness (3.2 nm
giving 0.18- m devices and 7 nm giving 0.36- m devices) was
used. Two extra masks realize a high-Q metal–metal capacitor
and a buried-N-layer, thus giving the possibility of isolating the
MOS devices from the substrate.
Fig. 11 shows a photograph of the ASIC. The radio part of

the ASIC is in the right-hand upper corner: it occupies 5.5 mm
including pads (4.0 mm excluding pads). The photograph was
taken on a bonded version of the ASIC in a CQFP80 package.
We used this package for debugging and functionality tests. For
production, the ASIC will be flip-chip mounted on a BGA. All
ASIC pins fulfill 2-kV (human-body model) ESD protection,
including the RF pins.
Fig. 12 shows a plot of the measured RSSI value versus input

power. The RSSI value is monotonic and has a range from 70
to 30 dBm. It fulfills Bluetooth specifications.
The power consumption in various Bluetooth modes [1] is

very low due to averaging: the receiver, transmitter, and synthe-
sizer are not continuously ON. For instance, in the HV1-mode,
the radio is in receive (transmit) for 30% (30%) of the time.
The synthesizer is switched on well in advance of a receive or
transmit slot in order to lock the PLL. The resulting averaged
current consumption is then 23 mA for the HV1-mode, 9 mA
for the HV3-mode, and 0.3 mA for the PAGE-SCAN-mode, as
shown in Fig. 13.

Fig. 12. Average current consumption.

Fig. 13. Measured RSSI versus input power.

Fig. 14. Transmitter output spectrum.

The transmitter output spectrum with a pseudorandom data
signal supplied to the transmit-IQROM is shown in Fig. 14. The
spectrum is quite close to the ideal Bluetooth transmit spectrum.
Table I shows a performance summary. The most important

Bluetooth specifications are reached. First data transmissions
between this Bluetooth ASIC and other Bluetooth radios have
already taken place.
Table II shows a comparison between papers presented at

ISSCC 2001 [2] and ISSCC 2002 [3] and our work. Our radio

1684 IEEE JOURNAL OF SOLID-STATE CIRCUITS, VOL. 37, NO. 12, DECEMBER 2002

Silicon crosstalk (or in general any crosstalk) can be min-
imized by separation of the desired signal and the interfering
signal in the frequency domain (this may prove difficult due to
high data rates), separation in the time domain (no digital ac-
tivity during reception/transmission of signals), or by lowering
the interference source (introduce jitter on clocks) and/or isola-
tion (use extra layout measures such as shielding or triple-well),
or compensation and balancing. But how much does this im-
prove our design? The answer to this question should be found
early in the design, otherwise the ASIC may fail type approval
and/or mass production in the end.
The most important aspect in the discussion on silicon

crosstalk is that the number of gates in the digital part of the
chip is so large ( 1 M) that it is not practical to include them
all in analog simulations. The fast slopes of digital signals in
a 0.18- m process generate harmonics in the gigahertz range,
even when the digital part is only clocked at 10 40 MHz.
If software is present in on-chip ROM, the exact behavior will
be unpredictable.
State-of-the-art tools allow modeling of the substrate

crosstalk after the layout has been finalized but investigating
a completely layed out chip is very time consuming; most
probably even longer than silicon processing itself. Sometimes,
the modeling only starts after receiving first silicon, because
there are “problems.” On top of that, designers still consider
the substrate crosstalk as “black magic.” Our strategy was to
start dealing with this problem during the design phase of the
project.
The digital blocks (and also the memory access) on the

ASIC were modeled in terms of power supply voltage, current
consumption, frequency, and their behavior since the signals
in these block behave either like clocked signals or more like
pseudorandom-bit (PRB) sequence signals. Then, a simple
effective large inverter with the same performance (i.e., the
same current consumption) was used as a replacement for
this large digital block. As an example, we model two digital
blocks: the microprocessor and the RAM. The micro-processor
consist of 75 kgates, runs at 10 MHz, and consumes 5 mA
at V. The microprocessor is similar to a purely
clocked block. We replace this complete block by a single large
inverter which is 70.000 times larger than the minimum-sized
inverter in our 0.18- m CMOS process. The RAM consist of
256 kb, is accessed with a clock of 5 MHz, and consumes 6
mA at V. The RAM is accessed in a pseudorandom
manner. We replace this RAM by a single large inverter which
is 600 000 times larger than the minimum-sized inverter in
our 0.18- m CMOS process. The combination of both blocks
(or even more blocks) can now be used in a silicon-crosstalk
simulation.
At the start of the project, only a floorplan of the ASIC was

available (see Fig. 10). We used this floorplan together with
the program SubstrateStorm [10] to generate an RC-netlist as
a model for the substrate. This RC-netlist was then used for sil-
icon-crosstalk simulations.
The combination of the digital effective inverters, the sub-

strate netlist, and the sensitive analog circuitry, like the LNA
and VCO, were then simulated. Effects of the digital interfer-
ence on the analog circuitry were then minimized or gave rise

Fig. 10. The floorplan of the single-chip ASIC.

to specifications on the analog blocks. See [11], [12] for more
details on the procedure.
In the case of our single-chip Bluetooth ASIC, several mea-

sures were taken for minimizing the crosstalk: in the layout, a
specially designed P-type wall isolates the radio from the base-
band (also see [13]). This wall is approximately 300 m wide
and has multiple bumps to the ball-grid-array (BGA) package
such that all digital interference traveling to the analog part are
picked up and shorted to the ground connection in the package.
The area consumed by this isolation wall is 1.4 mm , which will
be lowered significantly in future versions. The isolation pro-
vided by this wall is dependent on the number of ground con-
nections from the wall to the package (or PCB) and the length
of the wire to the package (or PCB). In our case, we use 13
bumps with a wire length below 1 mm (or an inductance below
1 nH) and then the wall gives us some 25 dB of isolation at 2.5
GHz. The isolation decreases 6 dB/octave for lower frequencies
until it flattens out around 100 MHz. Isolation increases with
distance, but, more importantly, it increases with the size of the
blocks on either end, i.e., the size of the block that generates the
interference and the size of the block that picks up the interfer-
ence.
All sensitive circuits in the analog part of the ASIC are

balanced and have high common-mode rejection and low
common-mode to differential-mode conversion, such that in-
terference on the sensitive nodes is minimal. Separate supplies
(we use five supply domains in the digital part of the ASIC and
five more in the RF/radio part of the ASIC) and the extensive
use of power supply regulators increases the power-supply
rejection of sensitive circuit like the LNA and the VCO such
that interference that is present on the power supplies does not
enter these circuits.
As stated in the previous section, high-frequency mismatch

information was needed for the filter design and opti-
mization. It was also needed for RF design, for example, the
LNA in Fig. 2 in combination with the desire to realize a low
common-mode to differential-mode conversion for minimizing
silicon-crosstalk. As we are operating the LNA close to its

[P. van Zeijl et al, JSSC Dec 2002]!20
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ECG monitor 

• 180nm CMOS, 12-bit ADC @ 512 S/s, 32 uW

260 IEEE TRANSACTIONS ON BIOMEDICAL CIRCUITS AND SYSTEMS, VOL. 8, NO. 2, APRIL 2014

Fig. 5. Block diagram of digital signal processor back-end.

frequency. An important design criterion is to effectively sep-

arate the ECG signals and impedance monitoring signals, so

that each measurement does not affect the other, minimizing the

crosstalk. The possible crosstalk in the ECG channel is related

with the order of the low-pass filter, n, and the demodulation fre-
quency, , when the cutoff frequency of the low-pass filter, ,

is decided. In this design, calculated rejection ratio is less than

dB when and kHz in Fig. 4.

IV. DIGITAL SIGNAL PROCESSING BACK-END

Fig. 5 shows the block diagram of the digital signal processor

back-end (DBE), which performs user application programs.

Like the AFE, the DBE also operates from a 1.2 V supply with

a 1 MHz system clock generated by on-chip ring oscillator. The

DBE consists of a pre-processing unit, 4-way SIMD, on-chip

SRAM for data and program memory, clock management unit,

timer, AES-128 accelerator, and several peripheral components.

In addition, there are three SPI blocks for accessing the on chip

memory, interfacing with ADC interface, and supporting the ex-

ternal device connections, respectively. JTAG and GPIOs are

integrated for real-time debugging. 46 kB SRAM is integrated

for on-chip data and programmemory (PMEM). A data memory

(DMEM) consisting of 4 banks can be accessed both by vector

and scalar units through the memory arbiter block, and a coef-

ficient memory (CMEM) is integrated to optimize the convolu-
tion for parallel data loading. DMA, three SPIs, and processor

memory interface are interconnected by a shared bus with pri-

ority coding to avoid the memory access congestion. When two

or more blocks try to access the memory concurrently, the ar-

biter gates the clock to halt other contenders.

The pre-processing performs the essential requirement

functions before transferring data to the main processor. The

primarily tasks for bio signal processing involves the addi-

tional bandpass filtering, data packing with sign extension,
and stamping the time information for the adaptive sampling

scheme. Since the pre-processing should handle ECG input

stream in real-time and repeatedly to the every sample, the

unit is designed with the dedicated hardware to achieve high

throughput.

A direct memory access (DMA) controller supports the sam-

pled data to be written continually into the input buffer in the

data memory without interrupting the processor, even when the

processor is in sleep mode or running mode with other tasks.

8 DMA channels are prepared for all the input channels from

AFE and external device, and each channel can be individu-

ally configurable by programming. Once the input buffer is full,
an interrupt signal is transferred to the processor for wake-up.

12-system interrupt vectors are prepared for realizing the inter-

rupt service routines (ISR) which are interrupted by DMA trans-

fers, AES-128, and external inputs through the GPIO.

The architecture of fixed-point SIMD processor core is

shown in Fig. 6. As mentioned in Section II, a convolution

matrix, multiplication, and the trigonometric functions such as

sin, cos, and arc-tan for the feature extraction algorithm are

computationally very intensive. In order to achieve data-level

parallelism and enhance throughput for multichannel pro-

cessing, the processor core comprises a 128-bit 4-way vector

258 IEEE TRANSACTIONS ON BIOMEDICAL CIRCUITS AND SYSTEMS, VOL. 8, NO. 2, APRIL 2014

Fig. 1. Mixed-signal ECG SoC and typical applications.

is usually required for the monitoring system. However, the
ambulatory systems have very strict requirements in terms
of power consumption, signal quality, system complexity,
and small form-factor. To meet these requirements, hardware
optimization should be achieved on the characteristics of the
target application.

A. Motion Artifact Reduction

Ambulatory recording systems suffer from motion artifacts
[9], which lead false alarm and wrong event detection. There-
fore, the motion artifact needs to be suppressed or cancelled for
achieving reliable and high integrity recording quality under
ambulatory conditions. Many motion artifact reduction algo-
rithms were introduced, and the traditional algorithms can be
classified into two major groups, the adaptive filtering [10]–[12]
and the blind source separationmethod (BSS) [13], [14]. Thanks
to the fully integrated ASIC, the ECG SoC can provide both
methods according to the necessity.
Adaptive filtering, such as Least Mean Square (LMS) and Re-

cursive Least Squares (RLS), is supposed to act optimally while
tracking the non-stationary changes in signal and noise [10],
[11]. Adaptive filtering algorithms can be implemented with
single channel input. However, in order to achieve high filtering
performance, a reference signal having a good correlation with
the noise has to be available to estimate the noise characteristics.
One or more sensors such as accelerometer have been used for
a reference signal. In this work, the electrode-tissue impedance
(ETI) signal, which has high correlation with the motion arti-
fact, is introduced for the reference signal [15]. The ETI signal
can be recorded continuously and simultaneously together with
ECG signal by sharing the electrode, so that the external device
is not necessary to be integrated on the system.
Principal Component Analysis (PCA) and Independent Com-

ponent Analysis (ICA) are widely used algorithms for the BSS
method [13], [14], which requires linearly independent multi-
channel ECG recordings to extract the parameter constructing
of eigenvector matrix. The ECG SoC provides simultaneous
recording of the three ECG channels, and they are processed
with several seconds window to reflect the environment pertur-
bation. BSS method has been well known to achieve the good
performance for motion artifacts reduction [13]. However, due
to the high algorithm complexity and large window size, they
thus require a massive processing power and a large amount of
operatingmemory leading very high power consumption. In this
paper, with this limitation, PCA is selected due to its relatively
low computational complexity compared to ICA

Fig. 2. Block diagram of the analog front end (AFE).

B. Feature Extraction
The feature extraction and the heartbeat classification have

been introduced, which are the most essential tools for the anal-
ysis of an ECG signal. The feature extraction is investigated
by ECG morphology [16], heartbeat interval features [16], [17],
derivative-based methods [18], band-power extraction method
[1], and frequencybased methods [19]. The accuracy of R peak
detection is crucial for reliable analysis, because the R peak con-
tains the primary parameter for arrhythmia analysis like the de-
termination of RR interval and heart-rate-variability (HRV). In
this paper, the R peak detection algorithm based on the contin-
uous wavelet transform (CWT) is selected to give the best per-
formance [20]. For the algorithm, wavelet transform with Mex-
ican-hat in the frequency of 15 to 18 Hz is performed repeatedly
on the ECG input signal to define the narrow searching window,
afterward the R peak is decided by searching the local maximum
in the time domain. The CWT-based method achieves the ac-
curate peak detection with a positive predictive value of
99.8% [20]. Though the CWT-based algorithm provides a high
accuracy performance, it is a relatively computationally inten-
sive algorithm due to the repeated convolution operation over
all samples. On the other hand, derivative-based methods and
band-power methods are used for low power consumption at
the expense of a slightly reduced accuracy to predictive value
of 99.2% [21].

III. ANALOG FRONT END

Fig. 2 shows the architecture of the analog front end (AFE).
Each readout channel includes a low-noise and low-power
instrumentation amplifier (IA), a ripple filter (RF), a pro-
grammable gain amplifier (PGA), and a programmable
low-pass filter. The IA is a chopper stabilized current balancing
IA [1] redesigned for operation from a 1.2 V supply. The main
benefit of this type of IAs is that the common-mode rejection
ratio (CMRR) doesn’t rely on matching of passives [22], [23]
and is able to provide a CMRR in excess of 100 dB. In addition,
the AFE also includes a built-in self-test and lead selection
block. During the self-test mode, the input leads are connected
to a differential on-chip voltage source. This enables the direct
measurement of the channel gain and gain matching even

[Kim et al. IEEE Trans. on Biomedical Circuits and Systems, Apr. 2014]
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TABLE II
COMPARISON RESULTS WITH STATE-OF-THE-ART

Fig. 15. Power consumption for various user applications.

However, due to the algorithm complexity, the power consump-
tion is 82.4 W, when PCA algorithm with 3-second window
size is running.
Fig. 15 shows the overall power consumption for various ap-

plications. The complete SoC consumes between 31.1 W and
82.4 W depending on the configuration selected by the user.
Table II shows the comparison of system specification with re-
cent ECG monitoring systems with on-chip processing capa-
bility. The power number is reported when the ECG monitoring
application is running. [5], [6] have lack of an AFE, which en-
ables to increase the total system power consumption with ex-
ternal device integration.While [3] integrates an AFE, however,
the digital processing unit is designed with the dedicated hard-
ware, so it can’t provide the user application which requires
the programmability. Also the overall power consumption is
an order of magnitude larger than the other works. The pro-
posed ECG SoC provides high programmability for the various
user applications with the lowest power consumption as shown
in the Table. Furthermore, by integrating the high performance
AFE which provides the concurrent multi-lead monitoring and
the ETI signal, the on-chip motion artifacts reduction can be
achieved for the robust system operation without the external
device integration.

B. ECG Monitoring System Integration

A wireless ECG patch has been developed using the ECG
SoC to perform streaming ECG monitoring with real-time mo-
tion artifact reduction and arrhythmia detection (Fig. 16). The
system consists of ECG SoC, low energy bluethooth SoC (BLE)
[33], a 3-axial accelerometer for activity monitoring [34], and a
MicroSD card for data logging, and disposable ECG electrodes.
The ECG SoC monitors concurrent 3-channel ECG signal and

Fig. 16. Photograph and its architecture of the wireless ECG monitoring
system utilizing the ECG SoC.

performs the required application, such as motion artifacts re-
duction and the R peak detection algorithm. The data are pro-
cessed and analyzed locally, and relevant events and informa-
tion is wirelessly transmitted in real time and/or stored on a
micro SD card. Due to the Bluetooth chip, the system provides
connection to PCs and mobile phones through a standard pro-
tocol, and maintains very low power consumption for long-term
monitoring in home environment.
In order to demonstrate the benefits of the ECG SoC on the

system power consumption, three different operation modes
have been implemented. The first two modes are streaming
data transmission mode. The raw ECG signal and impedance
signals are collected at 512 Hz and transmitted without local
processing but down sampling with 256 Hz in digital domain.
And the second data transmission mode performs a small
local processing with only LMS-based motion artifact removal
algorithm, and transmit the filtered ECG with 256 Hz sampling
rate. On the other hand, in the last mode, the system employs
full local processing of accurate R peak search mode with the
LMS-based motion artifact removal and CWT-based heart beat
detection algorithm using the ECG SoC and transmits only the
heart beat rate periodically, once a second (1 Hz). In general,
since the most power consuming part is the radio, the last
approach, which is as much data processing as possible before

!21
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Pacemaker

• Cardiac sensing and pacing, transcutaneous power 
supply


• 350nm, 2.4mm2, 48uW

512 IEEE TRANSACTIONS ON BIOMEDICAL CIRCUITS AND SYSTEMS, VOL. 5, NO. 6, DECEMBER 2011

Fig. 1. Block diagram of the proposed close-loop microstimulator system with an external device.

provide a more stable power supply than the pure RF-coupling
supply. A phase-locked-loop (PLL)-based phase shift keying
(PSK) demodulator and the multi-mode filter of sensing channel
are developed as well to increase the reliability of the whole
system and to provide the functions of heart-rate detection and
heart-signal monitor. Moreover, a prototype of a bidirectional
data transmission sharing a set of coil is considered in the pro-
posed system to upgrade the interactivity between the patient
and the physician. The in vivo experiment is also presented to
demonstrate the behavior of the closed-loop system.

Section II presents the microstimulator system architecture.
Section III reports the powering interface and pacing channel.
In Section IV, the digital circuits, including a PLL-based PSK
demodulator and the system controller, in charge of clock-and-
data recovery (CDR) and the stimulation functions are explained
in detail. Section V discusses the implementation of the sensing
channel. The in vivo experiment adopting Sprague-Dawley (SD)
rats are presented in Section VI to demonstrate the closed-loop
system. Section VII briefly concludes the present paper.

II. SYSTEM ARCHITECTURE

The block diagram of the close-loop stimulation system with
an external device is presented in Fig. 1. The external device,
including a battery-based digital signal processor (DSP) in
the pocket, transmits encoded data and charging energy to the
in-body circuit through a set of coils. The modulated digital
data acquired from the sensing channel are transmitted out
of the body through the same coils to save on coil area. Four
sub-blocks, namely, powering interface, digital circuitry, pacing
channel, and sensing channel, are integrated in the proposed
IMSoC to carry out the wireless bidirectional communication.
The powering interface with charging ability is implemented
to reduce the required charge capacity of the battery and
further reduce the volume of the battery. The interface can
provide low- and high-supply voltages for system operation
and microstimulation, respectively. Moreover, it guarantees a
nonstop energy source by switching the charging and supplying
path of the two-battery-based power supply to avoid improper
device operation. The digital circuitry is employed to enhance
reliability in communication and to provide the programmable
stimulation amplitude, duration, and frequency as required by

the nerve stimulation. The PSK demodulator based on the PLL
technique is proposed to recover the clock and data from the
received 256 kHz carriers.

In the pacing channel, the digital-to-analog converter (DAC)
and a 3.2 V pulse generator are combined coordinately. A charge
pump circuit with a less capacitor number is adopted to provide
3.2 V for the pulse generator [6]. This proposal enables the stim-
ulation function with programmable arguments on the specifi-
cation, such as the triggered pulse duration/amplitude and stim-
ulation frequency, to be implemented according to the detection
result of the MAFE.

A sensing channel with a MAFE is adopted to detect the
stimulated signal from the paced neuron. Potentials of the
stimulated objective (such as sinoatrial node (SA node) or atri-
oventricular node (AV node)) are detected and amplified by the
preamplifier with a differential difference structure to achieve
a programmable gain under a low-supply voltage. Following
the signal processing stage, which is composed of a biquad
low-pass (LP)/band-pass (BP) filter and an analog-to-digital
converter (ADC) with real-time threshold detection, the cardiac
waveform of the stimulated objective and its peak value can
be obtained. The circuits and operations of sub-blocks will be
presented in Sections III–V in detail. The function of the whole
chip will be verified by in vivo experiment in Section VI.

III. POWERING INTERFACE AND PACING CHANNEL

A. External Power/Data Transmitter

The external power/data transmitter, as shown in Fig. 2, con-
sists of a power MOS switch used to control the signal on the
coil, an RF choke ( ) that provides a more stable DC cur-
rent for the transistor , capacitances and that produce
different resonance frequencies [7], and a primary coil for the
coupling that can be modeled as the equivalent series of resis-
tance and inductance .

The class-E amplifier [7] combined with the PSK modulator
is implemented in the transmitter to minimize the energy in the
switch states of the phase of the transmission coil current. The
controlled signal ( ) at the output of XOR gate along with the
input of the data and clock can control the transistor to gen-
erate a PSK signal at the drain of the transistor. The detailed
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Fig. 15. (a) Timing and (b) block diagrams of real-time detection ADC.

Fig. 16. Chip microphotograph of the proposed IMSoC.

timing diagram shown in Fig. 15(a), the functions of amplifica-
tion, threshold detection, and A/D conversion are implemented
during each sample-and-hold period, respectively.

VI. In VIVO EXPERIMENT

The proposed IMSoC was fabricated using the TSMC
0.35 2P4M process with an area of 1.5 1.6 . The
microphotography of the chip is shown in Fig. 16.

Four male 10-week SD rats weighing approximately
250–300 g each were used. The experiments conducted in
the present study were approved by the Animal Research
Committee of National Chiao Tung University. The rats were
anesthetized with intraperitoneal injection of sodium pentobar-
ital (50 mg/kg) and were mechanically ventilated with room
air. Body temperature was maintained at throughout
all surgical procedures via a servo-controlled heating pad. After
anesthetization, the rats were placed in dorsal recumbency. The
trachea was palpated, and a midline incision from the caudal
end of the larynx to the suprasternal was made. Using blunt dis-
section, the sternothyroideus muscle from the sternomastoideus
was separated. The sheath was carefully incised to expose the
carotid artery, jugular vein, and vagus nerve.

Fig. 17. Animal surgical setup. (a) Carotid artery cannulation. (b) Implanted
and pacing electrode diagram.

Fig. 18. (a) Top/bottom views and the scale of implanted device. (b) Commu-
nication between the implanted IMSOC and the external DSP device.

The right internal carotid artery was cannulated with a hep-
arinized saline-filled catheter (200 U/ml, PE-50, with internal
and external diameters of 0.58 and 0.965 mm, respectively; Clay
Adams Co., USA). The catheter was then inserted bevel-up into
the artery and toward the right ventricle, with its curvature di-
rected towards the midline, as shown in Fig. 17(a). Next, the

[Lee et al. IEEE Trans. on Biomedical Circuits and Systems, Dec. 2011]
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Summary

• Systems-on-Chip offer unique integration benefits  


• Size, performance, power, reliability, cost (provided 
large volumes) 


• Design process includes extra complications 


• In practice similar to “Structured ASICs” of early 2000’s


• Processors, memory, interfaces, interconnects


• Adaptable to several similar applications 
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Summary, cont.

• Don’t forget alternatives such as System-in-Package!


• Several chips sharing physical enclosure


• May be built in different technologies (CMOS, memory techs, GaAs, etc)


• Chips may be tested separately


• Used today for large FPGAs, telecom applications, etc 

[xilinx.com]!24


