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Abstract—In this paper we present a silicon implementation of
a bioinspired analog task distribution system for enabling reliable
analog multi-core systems. The increase in reliability is achieved
by a dependable task distribution architecture using a hormone
based mechanism. The specifications are generated by a feasibility
analysis of the algebraic description of the architecture. Starting
from the specifications, an automated analog synthesis framework
is used to fasten the time-consuming design of the needed analog
amplifiers. The complete system with the designed amplifiers
has been layouted and fabricated. We present measurements
of two different architectures of task distribution system on
silicon showing the full functionality of the system and the design
methodology.

I. INTRODUCTION

The rising demand for embedded systems interacting with

its environment points to the need of reliable architectures.

Those systems are meant to be robust and execute their

assigned task dependable and within real-time. This paper

evolves the principle idea of an Artificial Hormone System

(AHS) [3] into the design of an analog task distribution system

(AAHS). In [12] an approach of AAHS is presented, adopting

the robustness, real-time capability and decentralization of

AHS and designing a dependable task distribution system as

reliability-aware architecture. The reliability is constituted by a

slightly overhead in functional cores of the multi-core system,

a self-organizing dependable task distributor on these cores.

Until now that approach lacks the prove of the functionality

and reliability under real-world conditions.

The major contributions of this paper are the fully, from

scratch designed reliable, analog architecture. The design starts

by generating the specifications, synthesizing all components

and layouting the full system, while focusing on performances

and robustness. Measurements show the full functionality of

the synthesis process and the task distribution architecture with

good performances of the silicon. The rest of the paper is

organized as follows: Section II introduces the state of the art.

In Section IV the newly designed components according to the

given specifications are presented. While, the layouted system

is presented in Section V, followed by the measurements in

Section VI. The paper closes with a conclusion.

II. STATE OF THE ART

A. Reliable Architectures

Failures of analog and/or digital circuits during operation

become more and more of interest. These failure modes are

fed by the decreasing technology size, increased temperature

and power requirements and the constantly increasing process

variations. [4], [6], [11] examined failure mechanisms to e.g.

“Hot Carrier Injection” (HCI), “Negative Bias Temperature

Instability” (NBTI) or “Electromigration” (EM) and show for

instance the threshold voltage drifts affecting the circuits over

time. Additional transient failure or degradation modes are

high temperatures caused by e.g. a digital core with high clock

frequency or by an analog power stage with high load.

In this context many approaches to construct reliable

system have been proposed, mainly for digital System on

Chips (SoCs). E.g. [2] depend on an agent based distribution

system. The distribution of tasks is done by a scheduling

algorithm. One agent as a centralized unit, assigns the tasks

to the different cores, but each agent equals one single point

of failure. Contrary to agent based approaches and as one

of the very few analog approaches, in [1] an analog voting

algorithm is presented. Its purpose is to raise the robustness

of the circuit. However, invalidating the single point of failure

by an N-modular redundancy methodology leads to a major

overhead, since cores are specialized, this approach disables

the re-usability of cores for different tasks.

With our approach we allow the use of cores for different

tasks, for example having 3 ADCs for 2 measurement gives

only a 50% overhead compared to a 200% overhead in 3-

modular redundancy. Compared to the agent based approach

our architecture has very less single points of failure.

B. Automatic Synthesis of Analog Circuits

Any mixed signal approach suffers from the design bot-

tleneck created by the need to design the analog parts from

scratch. Until now, the analog designers have no technology

independent characterized libraries, because the specifications

of analog circuits vary largely. The specification is highly de-

pended upon the technology, the needed accuracy and defined

ranges. The reliability suffers from both, high accuracy and

wide ranges. Though, in the last years, research has identified

sensitive parts of analog circuits concerning the reliability

[8], [13]. Additionally, recent design flows slightly increased

the amount of automation during analog design, supporting

the engineers [5]. This paper proposes and uses a technique

described in [10] to synthesize many different OPs and OTAs

from scratch.
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Figure 1: Analog Hormone Balancing Control Loop

III. DECENTRALIZED AND ANALOG TASK DISTRIBUTION

Mapping the AHS to analog circuits requires remodeling

the concept of the hormone system in order to use analog

components (see Fig. 1). Such a system is called Analog

Artificial Hormone System (AAHS). Task allocations are not

synchronized with clock and a waiting period, they happen in-

stantaneously. Whenever, in a continuous manner, the hormone

level (Gi) meets the taking task trigger θγ,i of core γ, it takes

the task i. Once taken, the core has to suppress the global

hormone level. However, locally the core γ needs a feedback

loop to keep the hormone level just above −θγ,i in order to

keep himself working on task i. Without the local loop, core

γ would throw the task away again, leading to an oscillation.

Gi represents the sum of all suppressors concerning this very

task. It is for now a single point of failure, though replications

of this hormone bus would eliminate it, trading reliability for

area. Important to notice, this process of deciding, keeping

tasks and/or throwing them away is done for every hormone

the core is in contact with. One hormone loop equals one task,

a second task equals a second hormone loop, allowing a linear

scaling of the whole required control hardware to any number

of hormones and tasks, respectively.

Fig. 2(a) illustrates an implementation of the AAHS core

decision block (see Fig. 1) for each core and each hormone

using operational amplifiers (OPs) and voltages as hormone

signals. The slightly different architecture using currents as

hormone signal is given in Fig. 2(b) and uses operational

transconductance amplifiers (OTAs). The left block in Fig.

2(a) is an analog adder consisting of an OP and a resistive

feedback network. The middle block is a Schmitt trigger circuit

with predefined threshold voltages. This block is also used

in the OTA implementation with slightly different threshold

voltages. The desired specifications for the automated synthesis

framework are generated by a feasibility analysis of the alge-

Table II: Simulation results of the synthesized OPs
OP Outer Inner

Performances adder adder

Gain 35.2dB 27.3dB
Overshoot falling 0.017% 0.015%
Overshoot rising 0.009% 0.027%

OVR 2.48V 2.6V
Offset 36.6µV −2.06µV

Slew rate falling 14.1 V
µs

74.78 V
µs

Slew rate rising 13.6 V
µs

67.45 V
µs

Phase margin 70.8◦ 66.1◦

Power 1.16mA 0.31mA

Table III: Simulation results of the synthesized OTAs
OTA Shunt Measure Res.

Performances OTA OTA OTA

Gm 9.76µS 10.03µS 18.09µS
IVR 1.17V 1.18V 1.4V

Output Resistance 56.23MΩ 40.02MΩ 15.2MΩ
Offset 0.25mV 0.09mV −9.5µV

Slew rate falling 0.4 V
µs

0.41 V
µs

80.9 V
µs

Slew rate rising 0.4 V
µs

0.42 V
µs

80.8 V
µs

Phase margin 84.4◦ 81.4◦ 68.9◦

Power 0.24mA 0.15mA 0.8mA

braically description of the task distribution architecture. The

feasible set defines the dependencies of the parameters of the

hormone system. Those dependencies allow the derivation of

system specifications to automate the system design. They are

generated using a technology with VDD =3.3V . The resulting

specifications are listed in Table I. For stability we require a

phase margin of at least 35
◦. A wanted task switching time

of 0.5µs leads to a minimum slew rate SRmin of 27.5 V
µs

for

the Schmitt Trigger, while the slew rate of the Outer adder

should be slower than 27.5 V
µs

. The analysis has been done

with Maple [7].

IV. SEMI-AUTOMATED DESIGN

In order to verify the technical feasibility of the proposed

AAHS and the therefore generated specifications, a fully

automated analog synthesis framework [10] was used to avoid

the extremely time consuming task of designing amplifiers

from scratch. Defined by a specification derived from the

analysis for the AAHS, a fully sized, transistor level circuit is

automatically synthesized for a provided process node. In this

contribution the synthesis framework, illustrated in [10, Fig.

2], is only roughly described and the reader is encouraged to

get further information from [9], [10]. The synthesis runs have

been carried out on an 8 core Intel Xeon E5520 with 16GB

RAM and were done within three hours for each specification.

The final circuits have been chosen by the smallest offset.

The process technology used is the AMS Design Hitkit v4.10

for a 0.35µm bulk CMOS process with a supply voltage of

3.3V . The challenging specifications are the low overshoot

due to preventing spurious switching and the relatively low

load resistance for the outer adder.

Given the set of specifications of Table I, the automated

analog synthesis framework is able to produce a wide range

of usable OPs and OTAs for the two methodologies. The

simulation results of the synthesized OPs and OTAs are shown

in Table II and Table III, respectively. Since the common mode

input voltage range (CMR) is less than 10% compared to

VDD due to the closed loop operation, it is negligible for the

measurement of the OPs. Contrary, the IVR and the output

resistance of OTAs are important, while overshoots and the

output voltage range are of less interest. The Gm of the Shunt

OTA and the Measure OTA are closely related.

Overall we can state that in simulation all wanted per-

formances were fulfilled. A direct measurement on chip of

the performances is in our case not possible due to a closed

loop operation and a pin limitation. However, if some of the
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Figure 2: Schematics of the AAHS decision block of the OP-based 2(a) and of the OTA-based 2(b) hormone system

Table I: Set of derived specifications

Outer adder Inner adder Shunt OTA Measure OTA Res. OTA

Gain/Gm ≥ 26.2dB ≥ 26.2dB [8.891µS, 10.075µS] [8.891µS, 10.075µS] [16.443µS, 19.989µS]
RLoad 12.5kΩ 100kΩ 55.2kΩ 102.25kΩ 55.2kΩ
CLoad 10fF 2.5pF 500fF 500fF 500fF
Overshoot ≤ 0.03% ≤ 0.03% - - -
CMR(OP)/IVR(OTA) ≥ 1.09V ≥ 1.09V ≥ 1.11V ≥ 1.11V ≥ 1.11V
OVR ≥ 1.95V ≥ 1.95V - - -
Output Resistance - - ≥ 4.14MΩ ≥ 7.66MΩ ≥ 4.14MΩ
Offset ≤ 40.3mV ≤ 40.3mV ≤ 0.45mV ≤ 0.45mV ≤ 0.24mV

Slew rate SR ≤ 27.5V
µs

SR ≤ 27.5V
µs

SR ≤ 27.5V
µs

SR ≤ 27.5V
µs

27.5V
µs

≤ SR

Phase margin ≥ 35◦ ≥ 35◦ ≥ 35◦ ≥ 35◦ ≥ 35◦

OVR: Output voltage range, CMR: Common mode range, IVR: Input voltage range

1) 1) 1) 2) 2)

2)3) 4)

5)

5)

Figure 3: The fully layouted AAHS built with OTAs and OPs

performances will fail significantly, we would immediately

notice that due to a failing behavior of the AAHS.

V. LAYOUT

After simulation and yield analysis both versions of the task

distribution system has been layouted manually. A straightfor-

ward place and route methodology has been conducted. Fig.

3 shows the fully layouted architecture for three cores able to

apply for two tasks. According the enumerations the various

components are:

1) The AAHS decision block of one core applying for

two tasks build with OTAs, containing the Measure

OTA, the Res. OTA and a Schmitt trigger,

2) The AAHS decision block of one core applying for

two tasks build with OPs, containing the Local Adder

and a Schmitt trigger,

3) The two Shunt OTAs, with an area of 86.5µm ·
98.5µm each.

4) The two Global Adders, with an area of 158.8µm ·
91.5µm each.

5) The current mirrors for the bias sources, which are

greyed out (property of AMS).

The OTA implementation of the whole task distribution system

has a total of 14 OTAs and 6 Schmitt trigger circuits, while

the OP implementation uses 8 OPs and 6 Schmitt trigger

circuits. The layout is framed at the top by 18 transmission

gates to switch between both task distribution systems due to

a limited number of pins of the prototype chip. Fig. 4 shows

a photograph of the used part of the multi-project test chip

in an AMS 0.35µm analog technology, bonded and ready for

measurements. The OP-variant uses slightly less area.

Figure 4: Photograph of test chip. For the layout see Fig. 3.

VI. MEASUREMENTS

The measurements of the silicon shows that the proposed

architectures are robust, reliable and functional. Within the

scope of this paper, we show

• the reliability and dependability,

• the speed of allocation in seconds,
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Figure 5: Measured task migration from Core 1 to Core 3 and later from Core 2 to the recovered Core 1

• the power consumption.

However, due to the small scope, the results are shown

only for the current-based architecture. The reliability and

dependability, also applying for the voltage-based approach

and proving the assumption indicated by the simulation results

of [12], is shown in Fig. 5. 4 of the 6 core enable signals (see

Fig. 1) are plotted. The right side shows the loss of task 1 at

core 1, due to the loss of the eager value (not shown). Core 3

as still available resource allocates task 1. Shortly afterwards,

the AAHS decision block of core 2 decreases its eager value,

the task transfer issued, since core 1 recovered in the mean

time. The left image shows the reallocation process of a task

between two AAHS decision blocks. The solid red box at

the upper left side points to the (re-)allocation speed of the

distribution system. Less than 500ns pass between the task

drop of the AAHS decision block of core 1 and the allocation

by the AAHS decision block of core 3.

We measured also any other combinations of task transfers.

We could prove that the prohibited take of one task by two

cores will not appear or will result in an immediate unload of

one of the tasks from one core. Additionally the same tests

are successfully conducted for the OP based task distribution

system. Hence both task distribution systems work as desired.

The power consumption measured of the silicon coinci-

dences perfectly with the simulation. For the total 3 core 2

task OTA-task distribution system we need a total of 2.9mA

resulting in a total power consumption of 9.57mW . For

the OP-based AAHS System we need 2.1mA resulting in

6.93mW in total. Further, the chip area of the AAHS decision

blocks, build with the AMS 0.35µm bulk CMOS technology,

measures for 3 cores and 2 tasks each:

• The OP-based AAHS: 0.3109mm2,

• The OTA-based AAHS: 0.4571mm2.

VII. CONCLUSION AND SUMMARY

With the measurements of the prototype chip we showed

that an analog task distribution system based on an artificial

hormone system is realizable with medium overhead. The mea-

surement reveals quite robust systems with medium complexity

which could help to build reliable systems in the presence of

many-fold degradations in the near future. Additionally we

could prove that the used synthesis tools significantly reduce

the design time for larger projects and give reliable results.

Hence we could show that an overall system optimization can

easily been carried out as we do not use the same over designed

OPs or OTAs for all tasks in such an analog system.

In future work we would try to hook up the AAHS task

distribution system with off chip analog cores to show an

overall reliable system and measure its performance.
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