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Developing TEI-Aware Ultralow-Power SoC
Platforms for IoT End Nodes

Kyuseung Han
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Abstract—Ranging from circuit-level characterization to
designing a platform architecture, developing a design automa-
tion tool, and fabricating a System on Chip (SoC), this article
deals with the entire development process for ultralow-power
(ULP) SoCs for Internet-of-Things (IoT) end nodes. More
precisely, this article first focuses on the unique characteristics
of the ULP circuits, the temperature effect inversion (TEI), i.e.,
the delay of the ULP circuits decreases with increasing temper-
ature. Existing TEI-aware low-power (TEI-LP) techniques have
incredible potential to further reduce the power consumption
of conventional ULP SoCs, but there is a critical limitation to
be widely adopted in real SoCs. To address this limitation and
realize the ULP SoCs that can fully benefit from the TEI-LP
techniques, this article proposes a new TEIl-inspired SoC plat-
form (TIP) architecture. On top of that, taking into account that
the highly complex, time consuming, and labor-intensive develop-
ment process of these ULP SoCs may hinder their widespread use
for IoT end nodes, this article presents a new electronic design
automation tool to accelerate ULP SoC development, RISC-V
express (RVX). Finally, by using the RVX, this article introduces
a TIP prototyping chip fabricated in 28-nm FD-SOI technology.
This chip demonstrates that power savings of up to 35% can
be achieved by lowering the supply voltage from 0.54 to 0.48 V
at 25 °C and 0.44 V at 80 °C while continuing to operate at a
target 50-MHz clock frequency.

Index Terms—Design automation, Internet-of-Things (IoT)
device, low power, RISC-V, System on Chip (SoC).
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I. INTRODUCTION

LTRALOW-POWER (ULP) design plays a pivotal role
Uin driving the era of the Internet of Things (IoT). By
providing the most practical solutions for how to increase
IoT device’s service life under a fixed and limited energy
source, ULP IoT platforms are receiving attention from both
academia [2]-[5] and industry [6]-[9]. The emerging ULP IoT
platforms rely on ultralow voltage (ULV) operation with near-
or sub-threshold voltage operating circuits [10]-[14], which
power consumption can be a tens of times lower than that of
the nominal voltage operating circuits while operating at tens
of MHz.

Recent research on the ULV operating circuits has reported
that the delay versus temperature characteristics of the ULV
operating circuits are very different from those of the nom-
inal voltage operating circuits, i.e., the delay of the ULV
operating circuits greatly decreases with rising temperature
T [15], [16]. This effect is called the temperature effect inver-
sion (TEI) [17]. Due to the TEI phenomenon, ULV operating
circuits have the opportunity to improve power consumption
and performance, and a number of researchers have tried
to exploit these ideas for dynamic power and thermal man-
agement methods [17]-[25]. Moreover, recent research has
confirmed the effectiveness of these methods on fabricated
System on Chips (SoCs) [26]-[28].

Although the previous TEI-aware low-power (TEI-LP) tech-
niques have demonstrated the remarkable potential that power
consumption of the ULV SoCs can be further reduced by
several tens of percentage by taking advantage of the TEI phe-
nomenon, providing momentum for the proliferation of ULV
SoCs, the question of whether these techniques can reach their
full potential in the fabricated SoC remains unanswered. This
is because, in reality, the effectiveness of the TEI-LP tech-
niques can be critically limited in SoCs containing long wires.
More specifically, as the wire delay continues to increase as
T rises regardless of the supply voltage, long wires in ULV
SoCs can cancel the positive effect of the TEI phenomenon.

Targeting ULP SoCs based on ULV circuits and operating
at tens of MHz within a few mW, this article begins with a
study on an SoC architecture design method that can unlock
the maximum power consumption potential of the TEI-LP
techniques. Then, as the most feasible and practical solution,
this article proposes to adopt a Network-on-Chip (NoC) archi-
tecture for the system interconnect of ULV SoCs. In other
words, taking advantage of the inherent characteristics of NoC,
point-to-point links, and pipeline structure, ULV SoCs can
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be free from the negative effects of wire delay on the TEI-
LP techniques. With a distinctive NoC architecture perfectly
suited for the ULV SoCs, we will introduce a new TEI-aware
ULP SoC architecture that thoroughly utilizes the TEI-LP
techniques.

We have also developed an electronic design automation
(EDA) tool to leverage the proposed platform to automate
the production of the TEI-aware ULP SoCs for IoT end
nodes. Despite the fact that the proposed ULP SoCs are
the most promising for IoT end nodes, their development
process is indeed very complicated and requires much time
and effort, along with high design skills and experience. For
instance, even if the register transfer level (RTL) code of the
uNoC is given to developers, completing the ULP SoC plat-
form with this code requires a very complex development
flow of the architectural decision design, RTL development,
FPGA prototyping, and chip implementation, each of which
has professional development steps. To tackle this difficulty
and accelerate the development of the proposed ULP SoCs, a
new EDA tool will be presented in this article.

Using the new tool, a TEI-aware ULP SoC platform has
been prototyped. The prototyping platform has been fabricated
in 28-nm FD-SOI, and extensive experimental work with this
prototyping chip has been performed, demonstrating that the
chip fully utilizes the TEI-LP techniques to minimize power
consumption. More precisely, when the fabricated chip oper-
ates at 50-MHz clock frequency, the chip while continuing
to keep 50-MHz operation can autonomously lower its sup-
ply voltage from 0.54 to 0.48 V at 25 °C and to 0.44 V at
80 °C, which results in 22% and 35% total system power sav-
ing, respectively. When operating at 100 MHz, the chip results
in 22% power saving at 25 °C (the SoC operates on 0.54-V
supply) and 38% power saving at 80 °C (the SoC operates on
0.49-V supply). The detailed description of the experimental
work is also provided along with the measured data under the
different operating conditions.

The main contributions of this article may be summarized
as follows.

1) A new ULP SoC platform, TEI-inspired SoC platform

(TTP) [1], is presented.

2) The tool, RISC-V express (RVX), which automatically

generates full RTL codes for ULP SoCs, is introduced.

3) The reliability of the proposed solutions has been con-

firmed by fabricating a TIP prototyping chip based on
the SoC design generated by the RVX. Not only the
normal operation of the chip but also the operation
according to the application of the TEI-LP techniques
are verified.

The remainder of this article is organized as follows.
Section II elucidates the low-power techniques in ULV SoCs,
which includes the theoretical and analytical characteristics of
ULV circuits, existing TEI-LP techniques utilizing the TEI-
benefit, and their limitations. Section III explains how to make
the best use of TEI-LP techniques to realize the TEI-aware
ULP SoC. Details on the proposed solution and the final
answer, TIP, are provided in this section. Next, in Section IV,
the RVX is introduced, including its principle of operation and
features. The details of the implementation are also provided.
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Section V is dedicated to the TIP prototyping chip, which
includes the TIP prototype architecture and chip fabrication.
The details of the results of the experiments performed with
the prototyping chip are given in Section VI, while Section VII
concludes this article.

II. Low-POWER TECHNIQUES IN ULV SoCs
A. TEI Phenomenon

The delay of transistors tp in a VLSI circuit is directly
affected by the on-current of the transistor I,,, whereby
increasing I,, makes the transistor switch faster. Io(7) may
be expressed as a function of T

(T) - (Vs — Vin(D))":
Ves—Vin (D)
w(T)-e 5O ULV 2)
where Vg and Vi, are the gate-source voltage and threshold
voltage, respectively; S represents the velocity saturation effect
factor; S denotes the subthreshold swing coefficient; p is the
carrier mobility; and STV stands for the super-threshold volt-
age, where Vgg > V. As T rises, Vi, and o decrease while S
increases. When a circuit operates in the STV regime, in (1),
@ mainly affects I, (although Vi somewhat mitigates the
effect of u changes), thereby I,, decreases as T rises, which
is the well-known negative relationship between I, and T.
In the STV operation, the worst-case timing corner occurs at
the highest operating T of the circuit, Trax. Whereas in ULV
regime, Iy, in (2) is mainly affected by S and Vi, (although p
has some moderating effect in the opposite direction), which
results in I,, increase as T rises [15], [16]. In other words,
circuits containing ULV operating transistors tend to become
faster at higher temperatures, which is called the TEI phe-
nomenon [17]. Due to the TEI phenomenon, the worst case
timing corner of a ULV operating circuit occurs at the lowest

operating T, Trin-

STV 1
Ion(T) { M

B. TEI-Aware Low-Power Techniques

SoCs should be designed to ensure that they operate nor-
mally at all operating temperatures. In other words, the ULV
SoC should be designed based on the worst case corner at Tip.
Subsequently, owing to the TEI phenomenon of the ULV oper-
ating circuit, the ULV SoC at T > Tpi, has positive delay
margin, which keeps increasing as T rises. We call this delay
margin the TEI-benefit.

Exploiting the TEI-benefit enables us to achieve consider-
able power savings in ULV SoCs. For example, a ULV SoC at
room temperature 25 °C tends to receive a large TEI-benefit,
which makes it possible to lower its supply voltage to a level
that is lower than the required supply voltage at Tp,i,. Because
the chip power consumption is composed of the dynamic
power Paynamic and static power Pgggc, €ach of which can
be expressed as

denamic =a-C- Vﬁd fy Pstatic = Vaa - Lotr 3)

where Vg, is supply voltage and «, f, and I are the activ-
ity factor, operating frequency, and off-current of the circuit,
respectively, lowering Vy; results in a significant amount



4644

—P — 50nm(min. spacing)
1

' —»!  '«=50nm(min. width)

M2

M |

substrate ’—“—:

Layout design, including metal wire and driver, used for the wire

Fig. 1.
delay simulation.

of power saving in the SoC. This technique is called TEI-
VS [17]-[20]. The TEI-benefit may alternatively be utilized
by a frequency scaling technique (TEI-FS), which in turn
enables a turbo mode operation of the SoC with little to no
power increase [22]. In addition, power gating with frequency
scaling [23] and body biasing (TEI-BB) [24], [25] have been
presented, which exploit the TEI-benefit to further reduce the
power consumption of ULV SoCs. Most recently, the efficacies
of the TEI-VS and TEI-BB have been verified in fabricated
chips in [26]-[28].

C. Limitation in Reality

The TEI-benefit may be diminished due to the effect of
wire resistance on the propagation delay 7p. Using the routing
computation (RC) delay model of interconnect line, 7 can be
expressed as follows [29]:

™ = Ra(Ca + C1 + Cy) + R, (0.4C, + C)) “4)

where R; and Cy; are the driver resistance and capacitance,
respectively, and R, and C,, are the wire resistance and
capacitance, respectively. In this equation, the capacitances do
not change with T [30], [31], but the difference in charac-
teristics between R, that decreases with 7 due to the TEI
phenomenon and R, that increases with T [i.e., (R, (T) =
R(25°C)-(14+TCR- (T —25)], where TCR is the temperature
coefficient of resistance that typically ranges from 0.2 to 0.4/K
in the 28-nm FD-SOI) causes R, to desensitize the TEI phe-
nomenon of the entire circuit. In other words, the degree of the
TEI phenomenon impact depends on the ratios of R, -related
delay g, to the total delay.

To quantify how the ratio of the delay due to wire resistance
to the total delay affects the TEI phenomenon, and thus by
how much the effect of the TEI-aware low-power technique
decreases, we have conducted additional experiments based
on the 28-nm FD-SOI technology. By using the 28-nm FD-
SOI technology PDK, we have designed various buffers in
the standard cell library used in a prototype chip that will be
introduced in Section V, and have connected different lengths
of metal wires to these inverters to generate different ratios
of the delay due to wire resistance to the total delay. Fig. 1
shows one of the representative layout designs. Next, we have
performed post-layout simulations from —40 °C to 125 °C at
5 °C intervals, and the results are shown in Fig. 2.

In particular, Fig. 2 shows the different TEI phenomenon
behavior of test circuits with six different wire delay ratios
when the operating voltage is 0.55 V. In addition, in order to
show that the effectiveness of the TEI-aware voltage scaling
(TEI-VS) is reduced when the TEI phenomenon is small, the
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Fig. 2. Different effectiveness of the TEI-VS according to different TEI
phenomenon behavior of test circuits with six different wire delay ratios.

temperature at which the operating voltage of 0.6 V can be
dropped to 0.55 V is shown in the figure. When the wire delay
ratio is 2.3%, it is possible to scale 0.6V to 0.55V at 35 °C.
The voltage scaling can reach 50 °C for a wire delay ratio
of 6.5%, and it should be above 62 °C for 15.4%. When the
wire delay ratio is 21.9% or more, it can be seen that voltage
scaling is impossible on a chip with an operating temperature
of —40 °C-80 °C.

From the standpoint of the negative effect of 7y, on the
TEI-benefit, the direct utilization of a ULV technology library
to the ULP SoCs that rely on a bus-based interconnect archi-
tecture may preclude exploiting the TEI-LP techniques. Most
of the commercial ULP platforms have adopted the conven-
tional bus architectures [6]-[9] as a system interconnect. These
bus architectures fan out their wires to all the IPs, which is
desirable from the perspective of the latency minimization.
Specifically, the bus architecture gives one interface a per-
mission to transfer data after collecting control signals from
all IP interfaces, which requires a round trip path to collect
and return signals [e.g., valid and grant signals of advanced
high-performance bus (AHB) master]. In order to complete the
process within a single clock cycle, it is inevitable to make
long wires to connect all IPs spread across the chip. In the
case of data signals [e.g., write data or read data signals of
advanced extensible interface (AXI) master], although they are
not a round trip signal, the bus architecture only requires small
logic gates (a mux and a demux) during the trips, resulting
in a higher wire-to-gate delay ratio. Unfortunately, the ten-
dency of the bus architecture to increase the total number of
global wires and interconnect lengths in the SoC [14] can sig-
nificantly reduce the TEI-benefit and consequently make the
TEI-LP techniques underutilized.

III. TEI-AWARE ULTRA LOW-POWER SOC PLATFORM
A. Approaches to Develop the TEI-Aware ULP SoCs

To tackle the negative effect of tyj. on the TEI-benefit
and maximize power savings in ULV SoCs by using the TEI-
LP techniques, separating the voltage domain of the bus-based
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system interconnects from the other parts of the SoC (i.e., such
as processor cores or accelerators that are mainly composed
of the logic gates and short wires) is a plausible solution. In
this way, the TEI-LP techniques can be applied to an SoC
excluding the system interconnects and lead to the power
saving of the SoC. However, separating the power domain
tends to increase the number of pads, which induces the
chip and package size increases. Furthermore, the area/power
overheads due to additional power pads required for multiple
voltage islands are typically too large for ULP SoCs, where
the gate count is only several hundred thousands. For exam-
ple, Qualcomm’s Blackghost ULP SoC [14] divides the power
domain of the digital part in the chip (including cores and
system interconnect) into only two islands, logic and SRAM
parts, and ETH’s Mr. Wolf ULP SoC [32] also uses only two
voltage islands to reduce the overhead of level shifters and
power grids even though its gate count reaches 1800 K due
to having four cores. For these reasons, significant overheads
may be imposed on the SoC designers to realize the power
domain separation of system interconnects.

Aggressive buffer insertion on the global wires [21] is
another possible solution. By inserting more buffers into the
wire-dominated paths than the number of buffers needed for
timing closure, the negative effect of tyie on the TEI-benefit
can be compensated because buffers are logic gates, which
are sped up at temperature higher than T,;,. However, this
technique faces some critical hurdles in order to be applied
in the real SoC development. The problems of on which
paths the additional buffers are inserted and what sizes of
and how many buffers are needed should be addressed and
researched. In addition, the aggressive buffer insertion should
be done by CAD tools during the P&R process, but such a
CAD tool has not yet been developed. Moreover, the degree
of delay increase compensation obtained by this technique
is not known. Consequently, the aggressive buffer insertion
technique is not yet available for the actual SoC development.

As the most feasible and practical solution, we propose
to adopt an NoC architecture for a system interconnect of
the ULV SoC platform. Conventional system interconnects
(e,g., bus-based architecture) where the transfer latency is
paramount tend to use as few pipeline stages as possible as
long as it satisfies the target frequency of the SoC. In compar-
ison, NoCs strive to provide high throughput by controlling
transactions in a distributed way with a pipeline structure.

Protocol- ™ A,_*_ - _"'
Dependent ok | in NIs and Router indicates the pipeline stage.

Width-
Dependent

Pipelined structure of three main components in the uNoC architecture: 1) the master NI (AXI); 2) slave NI (APB); and 3) router (5x6).

Thus, bus-based architecture generally creates dominant wire
delays [33], but NoCs reduce the total number and distance
of global wires owing to the point to point links and pipeline
structure [14]. FlexNoC, one of the famous commercial NoCs,
also reports that using their NoC results in nearly 50% reduc-
tion of the number of global wires [34]. Therefore, adopting
NoCs can liberate ULV SoCs from the tyire problem, and in
turn enable the TEI-LP techniques to be utilized without any
buffer insertion or voltage domain separation.

B. Proposed Solution

Simply adopting an NoC so as to get rid of long wires is
not adequate. For example, even if replacing a bus architecture
by an NoC architecture successfully deletes wire-dominant
critical paths of an SoC (thereby increasing the TEI-benefit),
this solution may not be optimal unless the critical path goes
through the IPs that are mainly composed of logic gates and
short wires. In other words, if the NoC becomes the criti-
cal path of the SoC, which itself comprises a small number
of logic gates and long wires connecting these gates, the
TEI-benefit may not be fully manifested. Therefore, the NoC
embedded in the ULV SoC should be carefully designed so as
not to make its delay path become the critical path of an SoC
at any operating T°s.

To this end, we designed a new NoC architecture that has
no long wires and therefore has no effect on the critical path
of a ULV SoC. On the basis that low-power consumption is
the top priority of the target platforms, the NoC was designed
to have a small area footprint, and therefore supports the min-
imal functionality of common system interconnects. We call
this NoC architecture, micro-NoC (uNoC), and by using it, we
devised a new ULV SoC platform, TEI-inspired SoC platform
(TIP), that can fully utilize the TEI-benefit to achieve signifi-
cant system-wide power savings. Details of the uNoC design
are provided just as follows.

Similar to the conventional NoCs, uNoC consists of three
main components, master network interfaces (NIs), slave NIs,
and routers. For supporting only the essential communication
features, the NIs perform protocol conversion between various
IPs with different interfaces in an SoC. They support conver-
sions among AXI, AHB, and advanced peripheral bus (APB)
protocols that are the most representative advanced microcon-
troller bus architecture (AMBA) specifications [35]-[39], and
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Fig. 4. Conventional SoC design flow.

for 32, 64, and 128 b. For the router design, we focus on
the routing functionality and thus do not optimize other fea-
tures to enhance performance, such as an adaptive routing
considering network traffic or speculative execution in router
pipelining. A deterministic routing scheme is utilized to reduce
hardware complexity, and a round-robin arbitration is adopted
to simplify switching while avoiding the starvation problem.
The designs of the master and slave NIs and the router are
described in Fig. 3.

The pipeline structure of the three main components of
the SoC are designed carefully, in order to ensure that the
uNoC does not affect to the critical path in the SoC. The
detailed pipeline structure is shown in Fig. 3 as a box with
an asterisk for each pipeline stage. The pipeline stages of
routers in NoCs are typically divided into four stages, RC,
virtual-channel allocation (VA), switch allocation (SA), and
switch traversal (ST), and the VA and SA are known to
be key contributors to the NoC critical path. In the uNoC,
the virtual channels are deleted to balance the delays of the
stages and replaced by physically separated channels to avoid
deadlocks. The two channels are request and response chan-
nels, each of which uses a dedicated router. This approach is
possible in the uNoC design which only has small routers,
while the conventional NoCs adopt virtual channels due
to the large-sized routers. In addition, the output channel
information is stored in a look-up table (LUT) as one-hot
encoding, which can reduce not only the RC delay, but also
the SA delay. Meanwhile, the NI is basically pipelined into
two stages: interface-independent and width-dependent stages.
Finally, two or more stages are added to each NI according to
the protocol conversion between the network packet and the
attached IP.

Meanwhile, the uNoC we proposed consumes lower power
dissipation by providing only the features customized for ULP
SoC, and allows ULP SoC to fully utilize TEI-LP techniques
to reduce the overall system power, but in a case when the
TEI-LP techniques cannot be applied, it can consume slightly
more power than the bus architecture. In other words, although
this article targets ULV SoCs that can actively utilize the TEI-
LP techniques, uNoC may have a disadvantage if the TEI
phenomenon does not occur or occurs only weakly, happen-
ing when the SoC operates at a nominal voltage or very low
temperature.

Specification RTL development
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Fig. 5. Proposed SoC design flow with RVX.

IV. ACCELERATION OF THE TEI-AWARE ULP SoC
DEVELOPMENT

A. Motivation

While great advance has been made to realize the TEI-aware
ULP SoCs with the introduction of the TIP, developing such
SoCs is still a long way off. For example, the simple task of
integrating and connecting IPs at the target SoC through the
provided system interconnects requires a lot of professional
experience and time. Furthermore, given the long journey of
the SoC development from initial design specifications to the
final chip, as shown in Fig. 4, the challenges of the TEI-aware
ULP SoC development become more difficult. As shown in
the figure, where the chip implementation phase is grayed out
because it is not the focus of attention in this article, the most
processes are time-consuming and labor-intensive, and worse,
some heavy workload processes need to be repeated several
times due to the redesign or bug fix resulted from the verifica-
tion and evaluation processes. To overcome these difficulties
and provide a total solution beyond the invention of the TIP,
it is necessary to develop a new EDA tool that can ultimately
accelerate the development of the ULP SoCs, and as such a
tool, we introduce the new tool we developed, RVX, in this
section.

Avoiding redesign iterations is an important goal to facili-
tate SoC development, but accurate performance estimation of
the SoC, which is essential for this, is not easy at design time.
In particular, it should be great if a developer could evaluate
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the exact performance when deciding on the SoC architec-
ture, but this is unfortunately not yet possible with current
technology. As an alternative, evaluation at the RTL design
step can provide accurate results, but it is too time consuming
since it usually takes more than a week to simulate a few tar-
get applications. After all, the evaluation on FPGA prototypes
is the most likely way. However, this method still has limi-
tations, because it mimics SoCs operating at high operating
frequencies into FPGAs capable of relatively low-frequency
operation, and requires a lot of time and effort to build an
FPGA prototyping environment.

Compared to the limitations of traditional FPGA proto-
typing, however, we found that FPGA boards can almost
completely emulate ULP SoCs that typically operate at a range
of tens of MHz to less than hundreds of MHz. Motivated from
this observation, we have created a tool to automate FPGA
prototyping as well as RTL development. More specifically,
using the input of a description of the IPs to be used for
a target SoC, this tool synthesizes SoC architecture includ-
ing the uNoC and automatically generates the corresponding
RTL code and FPGA prototypes. As a result, this tool greatly
simplifies the design flow as shown in Fig. 5, where it can
be seen that a number of processes have been omitted from
Fig. 4. Plus, as seen in the figure, when integrating newly
developed IPs, the asterisk-marked processes indicate that the
simplified design flow requires the verification of only the new
IPs. In other words, the previous design flow required a full
architectural evaluation for each such situation, but it is now
gone.

The simplified SoC design flow with the aid of the tool
not only shortens the development time but also acceler-
ates design optimization. In conventional SoC development,
the inaccurate estimates on FPGA prototypes and the time-
consuming redesign processes impose limitations in the design
optimization and often lead developers to overdesign SoCs.
In the development of the TEI-aware ULP SoCs with the
proposed flow, on the other hand, the improved accuracy of
the FPGA prototyping evaluation and the simplified the design
process allows the developers to actively utilize the redesign
process to optimize their SoCs.

Meanwhile, processor environments are essential and impor-
tant for SoCs. Indeed, they have a big impact on both hardware
and software, and a single mistake in the processor environ-
ment can cause fabricated chips to fail. That is why choosing
a reliable processor is so important. For this reason, we adopt
RISC-V [40] into our tool for ULP SoCs, which is currently
one of the most promising open-source processor technologies.
The RISC-V offers a rich ecosystem, including hardware IPs
as well as compilers, simulators, and so on, most of which
are free and open. Therefore, we developed the tool to utilize
various RISC-V components in SoC designs, i.e., that is why
we call this tool RVX.

B. Development of the RISC-V eXpress

The RVX automatically generates Verilog RTL code, FPGA
prototypes, and an SDK for a target ULP SoC, using a high-
level description written in XML for the IPs to be integrated
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1 <platform>

2 <name>soc_ola</name>

3 <spec>

4 <define>

5 <name>system_clk_hz</name>
6 <value>50000000</value>

7 </define>

8 <define>

8 <name>num_spi</name>

10 <value>2</value>

1 </define>

12 <define>

13 <name>sram_size</name>

14 <value>64kB</value>

15 </define>

16 </spec>

17 <ip_instance>

18 <name>i_core0</name>

19 <library>rvc_orca</library>
20 </ip_instance>

21 <ip_instance>

2 <name>i_user_slaveif0</name>
23 <library>slave_axi_ci</library>
24 <parameter>

25 <id>SIZE_OF_MEMORYMAP</id>
26 <value>0x10000</value>

27 </parameter>

28 <parameter>

29 <id>BW_DATA</id>

20 <value>32</value>

21 </parameter>

2 </ip_instance>

23 </platform>

Fig. 6. Example of the high-level SoC description written in XML.

into the SoC as input. The detailed operating principles and
features of the RVX are introduced in the following sections.

1) IP Modeling: For the automatic synthesis of an SoC, it
is necessary to know each characteristic of the IPs used in the
SoC. To do this, we created a library of commonly used IPs.
The IP information in the library includes not just the port
signals of the IPs, but also the interface-binding ports, reset
priority, required clock frequency, and so on. In particular, the
ports and interfaces contain more detailed information, such as
which protocols they use and what contents they communicate
with. For instance, a processor core has an input port called
itr that uses the 32-b ACTIVE_HIGH protocol and commu-
nicates interrupts. In addition, the master port on the core is
for memory access using the 32-b AXI protocol. If there is
a slave port, memory map size will be additionally described
for memory map allocation.

The IP library includes RISC-V cores [40], e.g., ORCA,
Rocket, and PULP, an SRAM controller, DMA, and standard
external interface (UART, SPI, and 12C). System IPs, required
for making SoCs but cannot be selected by users, are also
libraryized and used during the synthesis process. Currently,
we create the library, but plan to allow users to register their
own IPs into the library.

2) High-Level SoC Description: Design specifications are
described in high-level and basically consist of declarations of
IPs and non-IP features. Fig. 6 shows an example of a descrip-
tion of design specification written in XML. An IP is declared
using an XML tag ip_instance. For example, the 17th line
in the figure shows that the instance is named i_coreO and
uses rvc_orca library. The parameters of an IP are specified
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between parameter tags. To describe the other features that
cannot be simply expressed as an IP, define tag is used.
The system clock frequency and memory size, for instance,
are defined on the 4th and 12th lines, respectively. Besides,
IPs that only need to be declared without additional configu-
ration are also described using define tags, e.g., SPI on the
eighth line.

3) Synthesis: The synthesis process of automatically
designing the architecture from a high-level description is
shown in Fig. 7. First, the tool conveys the non-IP features
to the architecture. For example, the tool uses the declara-
tion of system clock frequency for an IP generating a tick
and for a script to create clocks for FPGA prototypes. After
that, the system IPs, such as a boot ROM, a JTAG controller,
a reset controller, a multicore synchronization logic, and a
global timer are added. At this stage, power management units
specific to the TEI-LP techniques are inserted, e.g., special
purpose registers are added to support memory-mapped 10 to
read the current temperature and send control commands to
the DC-DC converter and/or PLL for frequency/voltage scal-
ing. Once all the IPs become ready, the tool configures the
reset and clock ports. Turning on all IPs at once can cause
power supply problems, so the tool configures the architec-
ture so that up to four resets are turned on at once, taking
into account priorities. For the clock port, the clocks of IPs
are divided into three types: 1) system; 2) core; and 3) special
clocks. The system and core clocks are made up of two exter-
nal ports, each of which is connected to the corresponding
IPs, while the special clocks of all IPs are individually pro-
moted to an external port. Next, the tool connects the general
ports/interfaces of IPs according to their characteristics. Most
of them are simply connected by either assigning an input to
outputs or inserting a default value (active high/low) if no out-
put is available. In the case of memory communication, the
synthesis of system interconnect is required, which is covered
in the following section.

4) NoC Synthesis: As discussed earlier, the tool uses the
uNoC for the TEI-aware ULP SoC development. The most
important hardware issue in the NoC synthesis is how to
design three major components of the £NoC: master and slave
NIs and router, as configurable IPs suitable for automatic code
generation. However, designing a single code to configure all
the features is virtually impossible. Instead, creating differ-
ent IPs for each combination of configurations seems to be
plausible, but is less practical due to the difficulty of the IP
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verification. Thus, in the case of master and slave NIs, we
distinguished NIs into different IPs only if they had different
CDCs and protocols. Next, we designed the data width and
FIFO size of each IP to be configurable. On the other hand,
for routers, we designed the router as a single IP that can
have any size input and output. This approach can be prob-
lematic if the size of the router is set to be too large, which
may work well in RTL simulation but may not meet the target
clock frequency during logic synthesis at the chip implemen-
tation stage. To overcome this issue, we performed post-layout
simulations with different sizes of routers and found that the
6-by-6 router is well synthesized when targeting 200 MHz.
So we made the tool limit the number of router inputs and
outputs to six during the synthesis (i.e., users still can change
the sizes if needed).

The detailed NoC synthesis flow is depicted on the right
side of Fig. 7. In the first step, a network structure is auto-
matically created unless the user makes a special request. In
particular, we developed a way for the SoC to support TEI-
aware frequency scaling techniques (TEI-FS) [22], [23]. More
specifically, the RVX first distinguishes between two groups
of interfaces that have a clock varying with TEI-FS and those
that use a fixed system clock regardless of TEI-FS. Then, the
tool assigns interfaces using the system clock to the same
router in order to reduce the CDC logic between NI and the
router. Next, the tool converts interfaces using the APB proto-
col in each group into one APB bus, and treats the APB bus
as if it were a single interface. Finally, the tool uses 6 x 6 (or
smaller) routers to organize each group hierarchically, taking
into account communication priorities.

After the structure is decided, memory maps are assigned by
sorting the size of the memory map required by each slave IP
in descending order. The allocated memory map is provided as
a header file in C language for the use in application develop-
ment. Next, routing paths are computed by breath-first-search,
so that each path has a minimum number of traversing routers.
The clock of the router is set to the fastest of the clocks of the
IP interfaces connected to the router. Then, the tool decides
whether to use synchronous NI or asynchronous NI, depend-
ing on whether the two clocks are the same between the router
and the IP and whether the IP supports CDC. Note that the
RVX knows more information about the IPs, thus automating
more extensive details compared to other commercial tools for
application-specific NoC [41], [42].

5) Elaboration: The RVX converts the synthesis results
into out-of-the-box forms for users, in a process known as
elaboration. The synthesizable RTL code of the target SoC is
generated, which can be used for all three platforms, RTL,
FPGA, and chip. For the RTL and FPGA platforms, the
tool creates a platform-specific validation environment that
includes clock generators, SRAM, a virtual IP that converts
a printf function in C language to screen output, and more.
On the other hands, for the chip platform (not covered by this
tool), nonlogic components are provided in the form of IPs
with empty sections. Users must fill in the blanks in these IPs
according to the chosen fabrication process technology.

With regard to the automatic generation of FPGA environ-
ments, there are many different things depending on the types
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Fig. 8. Measured runtimes of the synthesis and elaboration in the RVX.

TABLE 1
IMPLEMENTATION DETAILS OF THE RVX

# of files  # of lines
Python 45 7364
Makefile 51 1737
Tcl 29 1465
Java 67 15361
Binary 12 -
Etc 104 5784

of FPGAs. For Xilinx IPs (xcis), we resolved this issue by
coding scripts that create them. However, the scripts cannot
cover all characteristics of FPGAs, such as pin maps and flash
types, so RVX supports three commercial FPGA boards, Arty
A7 (35T and 100T) [43] and Nexys Video [44], and provides
the capability to add user’s own FPGAs.

In addition, for the SDK, the RVX generates linker scripts to
perform compilations that reflect SoC specifications, and also
provides an SoC simulator based on QEMU [45]. Of particular
note is that we modeled our IP in QEMU and let the tool
build the simulator to reflect the specification, enabling basic
tests for the SoC. The environment for loading application
binaries into the memory is also possible by providing virtual
IPs for RTL simulation and setup files for OpenOCD [46] for
FPGA/chip testing.

Basic test benches for the IP verification and the core
performance evaluation are built into the tool. For instance, we
ported two representative benchmarks, CoreMark 1.0 [47] and
Dhrystone [48]. By running these benchmarks on FPGA pro-
totypes, users can optimize their SoCs by revising the design
description accordingly.

C. Implementation of the RISC-V eXpress

1) Implementation Details: We mainly used Python to
develop the RVX, wrote tcl files for the FPGA prototyping
and OpenOCD environment, and used the Makefiles for con-
venient Linux environment. The GUIs were created in Java.
Some binary files exist, and the rest are incompletely format-
ted files used to create the aforementioned files. The number
of files and code lines for the RVX implementation is reported
in Table 1.

To evaluate the tool speed, we used a machine (Intel i7-
4930k@3.4 GHz, 96-GB DDR4) with CentOS 6.10 for the
user server, and we set up the RVX server with Ubuntu 19.04
on a machine (Intel i7-9700k@3.6 GHz, 64-GB DDR4). Fig. 8
shows the execution time of the synthesis (i.e., from the spec.
conversion to the interconnect synthesis in Fig. 7) according to
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Fig. 9. GUI-based (a) architecture editor and (b) SDK provided by the RVX.

the number of selected IPs, with each time averaged over ten
runs. Results are obtained when the work is performed offline
within the user server, and when the user and RVX servers
are operated online. It can be seen that the execution time
of offline synthesis is proportional to the number of IPs, and
also in the case of online because the time required for syn-
thesis is more dominant than the communication time between
the servers. Also, the performance of the RVX server is bet-
ter, so the online case is slightly faster than the offline one.
Meanwhile, the elaboration process was done in the user server
for both online and offline cases. It is almost constant regard-
less of the number of IPs, with an average of about 0.85 s for
100 times.

2) Graphic User Interface: For user convenience, the
RVX supports GUI as well as command-line interface (CLI).
The facilities of the RVX are basically implemented in Python
for the CLI. For easy use in Linux, the make environment is
used to call Python commands. In the case of the GUI, each
operation leads to the execution of a Python command, so that
all the facilities in the CLI are performed identically.

As seen in Fig. 9, the GUI consists of the architecture editor
for the high-level hardware description and the SDK. In the
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Fig. 11. SoC architecture of the TIP prototype.

architecture editor, users only need to define the target SoC
specification and select the IPs to be included in the SoC.
Then, clicking the Synthesis button in the editor generates the
complete SoC design, and the user can optionally click on the
buttons to create a virtual platform, an RTL simulation envi-
ronment, and an FPGA prototyping environment for the target
SoC. In the SDK, the user can write, compile, and test C codes
for different implementation platforms (i.e., RTL, FPGA, and
chip) of the target SoC.

3) Minimal Installation: Installing tools on Linux is often
a nightmare for users. For example, CAD tools for RTL sim-
ulation and logic synthesis generally use older versions of the
OS (e.g., CentOS 6.8), but the RISC-V toolchain uses the lat-
est libraries, making it difficult to install them all together
on a single machine. Indeed, in our experience during the
installation of the RISC-V toolchain, we had to install dif-
ferent versions of GCC and switch to installing the libraries
with dependencies. To liberate the users from this issue, the
RVX has been developed to provide an online-based service.
The RVX is mainly installed on an RVX machine separated
from a user machine containing CAD tools and makes these
two machines cooperate with each other online. That is, as
shown in Fig. 10, only Python and Git are needed to be in the
user server for the elaboration, and the synthesizer, RISC-V
compiler, etc., are installed on the RVX server.
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Fig. 12. Contribution of the uNoC to the SoC path delays (4) and normal-
ized SoC path delays (o) for the first thousand long timing paths in the SoC
obtained after P&R, when (a) T = —40 °C and (b) T = 125 °C.

V. ULP CHIP PROTOTYPING
A. TIP Prototype Architecture

We developed a TIP prototyping chip using RVX to demon-
strate that TIP can realize the TEIl-aware ULP SoC with
significant power/energy savings. The TIP prototyping architec-
ture is described in Fig. 11. The two ORCA cores [49] adopting
RISC-V ISA (RV32IM) are implemented. The standard external
I/O interface modules (e.g., UART, SPI, and IZC) are imple-
mented to connect sensors for various IoT applications. As seen
in the figure, there are two controllers, one of which is in charge
of boot and reset of the platform (CTRL), and the other is in
control of the uNoC (DSLAVE). In order to compensate for the
manufacturing-induced threshold voltage variations that can be
considerable in the ULV operation, we included a body biasing
controller (BBC) in the platform. Finally, the IPs were linked
with £NoC using five master NIs, six slave NIs, and two 5 x 6
routers as seen in Fig. 11. Note that, although APB may have
long wires, we adopted it without change, because APB is for
low performance and its timing margin should be large.
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Fig. 13. Die photograph of the TIP prototyping chip.
TABLE II
SPECIFICATION OF TIP PROTOTYPE CHIP
Technology FDSOI 28nm
Chip Size 2,040 pm x 2,040 pm
Gate Count 340 k GE (gate equivalents)
Core Two RISC-V (RV32IM) cores
Memory SRAM: 128 kbytes
Supply Voltage  Logic core: 0.7V, SRAM: 0.9V, 1/0O: 3.3V
Target Freq. 50MHz
Temp. Range —40°C to 85°C
Pads Signal: 33, Power & ground: 65

ork Package QFN-76

Although comparing the TIP and a chip designed with
the traditional SoC design may be the best way to prove
the effectiveness of the TIP, fabricating two chips with the
same functionality but with different system interconnects is
impractical in terms of effort and cost. Therefore, we instead
performed the critical path analysis of the TIP prototype
to confirm that this prototype architecture can indeed take
advantage of the full TEI-benefit.

To do that, we investigated static timing reports after P&R
targeting 50-MHz operation. The largest SoC path delays
(sorted and ranked from the first longest path to the 1000th
long path) are reported in Fig. 12, each of which is with a blue
circle (0) and has a corresponding path delay normalized to
the critical path delay at T = —40 °C (referenced to the right
y-axis). For each path delay, the contribution of the uNoC is
also marked with a red plus symbol (+) and is referenced to
the left y-axis. In Fig. 12, (a) is the result of static timing anal-
ysis for the SS corner (—40 °C, 0.63 V) and (b) FF corner
(125 °C, 0.77 V), based on information provided by the chip
foundry. From both figures, it is seen that the addition of the
uNoC does not increase the critical path delay of the SoC.
The longest uNoC path in Fig. 12(a) is ranked as the 685th
long path, having a delay which is only 76.2% of the critical
path delay of the SoC. Moreover, the longest SoC path that
connects IPs to the uNoC, which is the path between AXI
write address channel in CoreQ and uNoC, sits at the 61st
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Fig. 14. Photographs of the prototype chip and boards.

position in the list of SoC long paths and the contribution of
the uNoC delay to this path delay is only 3.3%. In this figure,
the worst-case contribution of the £NoC to the SoC path delay
for paths ranked from the first to the 782nd position is less
than 6.4%. Similar results can be observed in the best case
corner as shown in Fig. 12(b), where the longest uNoC path
is ranked as the 729th long path. From the intensive investiga-
tion, we confirmed that £NoC does not affect the SoC critical
path delay, which confirms that the TIP prototyping is well
designed to fully utilize the TEI-benefit.

B. Fabrication of the TIP Prototyping Chip

We fabricated the chip in 28-nm FD-SOI technology.
Similar to the common ULV operating platforms [11]-[14]
that target tens of MHz operation for normal operation, our
TIP prototyping chip is designed to operate 50 MHz with the
nominal voltage of the target technology at Tp,iy. The design
has a single clock domain and uses two supply voltages, 0.7 V
for the logic cores (dual RISC-V cores, uNoC, and periph-
erals) and 0.9 V for SRAM. Since the chip foundry only
provides 0.9-V operating SRAM, the power domain isolation
for SRAM was inevitable. The fabricated chip is 2 x 2 mm? in
area and contains 340k gate equivalents (GE). We set the oper-
ating T range of the prototyping chip from T, = —40 °C to
Tmax = 85 °C according to the industrial grade for electrical
components. The die photograph is shown in Fig. 13, and its
specification is summarized in Table II.

We then implemented a test board for verification of the chip
operation, which is designed in compact size (70 x 80 mm?)
and supports 5-V USB power or 3.7-V Li-lon battery. The
board has a power management integrated circuit (PMIC) and
a programmable oscillator that enables adjustment of the sup-
ply voltage and clock frequency at run time. They are both
are controlled through the I2C interface. The SPI, I2C, and
UART external interfaces are implemented as Digilent Pmod
standard. Note that all components in the test board satisfy the
industrial grade of the operating T range, thereby the board
supports the —40 °C to 85 °C operation. Fig. 14 shows the
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Fig. 15.
chamber.

Experimental environment, including a DC power analyzer and a

photograph of the chip and test boards. We assembled ten test
boards for the variation analysis.

VI. EXPERIMENTAL RESULTS
A. TEI-Benefit on Chips

In order to test the TIP prototyping chip over the entire
operating temperature, we put a TIP prototyping chip in an
environmental test chamber, as shown in Fig. 15. We then
change T from —40 °C to 80 °C at intervals of 10 °C, and for
each T we measure the minimum supply voltage that guar-
antees a normal operation of the chip with the target clock
frequency. For each case, the corresponding chip power con-
sumption is also measured. When we set the target clock
frequency to 50 and 100 MHz, the minimum supply voltages
at —40 °C are 0.54 and 0.61 V, respectively. Note that both
voltage levels are less than the original supply voltage level
of 0.7 V that is the recommended supply voltage level for the
28-nm FD-SOI technology. For a fair comparison, instead of
0.7 V, we set the baseline supply voltage to 0.54 and 0.61 V
for 50 and 100-MHz clock frequencies, respectively.

As seen in Fig. 16(a), the minimum supply voltage
decreases as T rises for both cases when the clock frequency
is set to 50 or 100 MHz. More precisely, while maintaining
the 50-MHz clock frequency, the minimum supply voltage is
lowered to 0.48 V at 25 °C and further to 0.44 V at 80 °C.
Similarly, for 100-MHz operation, the minimum supply volt-
age may be decreased to 0.54 V at 25 °C and 0.49 V at 80 °C.
In addition, the maximum clock frequency without change of
0.48-V supply voltage was measured according to 7 change.
The TIP prototyping chip operates at 20 MHz at —10 °C,
and the clock frequency reaches up to 75 MHz at 80 °C as T
increases. This is reported in Fig. 16(b). Meanwhile, ten proto-
type chips are tested to check the variation of the TEI-benefit.
As also reported in Fig. 17, at most 0.02 V (opax < 0.007)
variations are observed for three cases of T being set to 0 °C,
25 °C, and 50 °C, respectively, and operating at 50 MHz.

Meanwhile, by comparing the TEI-VS application result of
the TIP prototyping chip with the TEI-VS application result
of the test circuits used in Fig. 2, it is possible to infer what
the wire-to-gate delay ratio (A) is in the TIP prototyping
chip. When we set the worst case delay to 0.54-V supply and
—40 °C, and check the temperature at which each test cir-
cuit with different A can scaling the voltage to 0.48 V while
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maintaining the worst case delay, the voltage scaling was pos-
sible at 24 °C for the circuit with A of 1.54% and at 32 °C
for the circuit with A of 5.47%. Considering that the TIP pro-
totyping chip operating at 0.54 V at —40 °C maintains the
clock frequency of 50 MHz and the voltage scaling to 0.48 V
is possible at 25 °C, it can be inferred that A of the chip lies
between 1.54% and 5.47%, which is enough small.

We then conducted additional experiments to see how the
wire delay affects the TEI-benefit in the existing bus-based
SoCs compared to their ideal cases without wire. First, we
focused on the SoC in [10], which uses the 28-nm FDSOI
technology like our TIP prototyping chip, and utilizes the for-
ward body biasing (FBB) technique to maintain 0.45-V supply



HAN et al.: DEVELOPING TEI-AWARE ULTRALOW-POWER SoC PLATFORMS FOR IoT END NODES

—~ 25 50
z
é’ i // g
X 1315 »n
o >
s g
2 15 —— Power consumption w/o TEI-VS =
g mmm  Power saving from TEI-VS 15 g
fi=]
=
= g
= >
g 3
g o 125 8
- <]
é I | )
g, 1l

-40 -30 -20 -10 0O 10 20 30 40 50 60 70 80
Temperature (°C)

(@)

5.5 150

4.5

375

—— Power consumption w/o TEI-VS
4 mmm  Power saving from TEI-VS

125
35

3 |

1125
2 I ‘
2 - 0

-40 -30 -20 -10 0O 10 20 30 40 50 60 70 80
Temperature (°C)

(b)

Power saving from TEI-VS (%)

Power consumption without TEI-VS (mW)
W

Fig. 18. Measured power consumption of the TIP prototyping chip without
TEI-VS, and power saving from TEI-VS for (a) 50 MHz and (b) 100-MHz
clock frequencies.

and 20-MHz clock frequency operation over an operating tem-
perature range of —40 °C to 40 °C. More specifically, this
SoC applies 0.7 and —0.61-V FBB voltages, respectively, to
the nMOS and pMOS at the worst case corner, —40 °C, while
the FBB is not applied at 25 °C. As an ideal case of this SoC,
we designed an FO4 inverter chain that consists of only gates
without wire delay and operates at 20 MHz at —40 °C with
the same 0.45-V supply and 0.7 and —0.61-V FBB voltages
as the SoC. Then, we performed a simulation with a 0.45V
supply and no FBB voltage applied to this inverter chain at
25 °C, confirming that this circuit can operate at 32.25 MHz.
From this, compared with the SoC in [10], it can be inferred
that the circuit with no wire delay can reduce a supply volt-
age lower than 0.45 V at 25 °C while operating at 20 MHz,
which means, in terms of the TEI-benefit, there is a clear gap
between the existing SoC and the ideal case.

Similarly, the SoC in [26] uses a 65-nm process technol-
ogy node and reports that it can operate with 9.2-MHz clock
frequency at 0.48 V at 45 °C and at about 0.43 V at 100 °C.
To emulate this SoC, a 65-nm technology-based FO4 inverter
chain was designed and simulated. As a result, it was found
that the minimum voltage can be dropped to 0.46 V at 45 °C
and to 0.41 V at 100 °C while maintaining the same speed,
indicating that SoC in [26] may not be able to fully utilize
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TABLE III
MEASURED POWER CONSUMPTION OF THE TIP PROTOTYPING
CHip WITH TEI-VS

Clock frequency 50Mhz 100Mhz
Temperature (°C)  Power (mW)  Power (mW)
-40 1.85 4.78
-30 1.79 4.29
-20 1.78 4.16
-10 1.72 4.17
0 1.66 4.03
10 1.61 391
20 1.55 3.76
30 1.51 3.79
40 1.54 3.68
50 1.50 3.71
60 1.48 3.63
70 1.47 3.58
80 1.49 3.38

the TEI-benefit due to the wire delay. To sum up, compared
to the existing SoCs, we can confirm that the TIP prototyping
chip is excellent in making full use of the TEI-benefit.

B. Power Savings on Chips

The TEI phenomenon is strongly visible in the whole TIP
prototyping chip. Therefore, the TEI-VS technique can be
applied to the full chip. As T rises, supply voltage of the
chip can be lowered to save power while the target frequency
is maintained. Fig. 18 presents the measured power savings
from TEI-VS, where the blue line is the power consumption
of the SoC without TEI-VS and the red bar indicates the
percentage of the saved power when TEI-VS is applied. For
fair comparison, the baseline power consumption is set to be the
power dissipation when the supply voltage is 0.54 V for 50 MHz
and 0.61 V for 100-MHz operation, instead of the 0.7-V original
supply voltage of the 28-nm FD-SOI technology. The measured
power is consumed by the logic cores (dual RISC-V cores,
uNoC, and pheripherals) except memory and analog IPs. The
detailed values for the measured power consumption of the TIP
prototyping chip when applying TEI-VS are given in Table III.
For both 50 and 100-MHz frequencies, higher power savings
are achieved at higher T because the voltage gap between the
two cases (with and without TEI-VS) is larger. Under 50 MHz
and 25 °C, the chip operating on 0.48V supply consumes 22.1%
less power than the SoC operating at 0.54-V supply. At 80 °C,
the chip with TEI-VS saves 35.7% power. Similar results occur
for the chip operating at 100 MHz: 22.7% and 38% power
savings are achieved at 25 °C and 80 °C, respectively. Thus, the
TIP prototyping chip using TEI-VS saves power consumption
22.1% for 50 MHz and 22.7% for 100 MHz at 25 °C, and
more power savings are achieved at higher 7.

Table IV summarizes the supply voltage levels and operat-
ing frequencies by temperatures of the existing ULP SoCs and
TIP prototyping chips. The semiconductor technology node
and system interconnect type, and whether the TEI-LP tech-
nique is applied for each chip are also provided. In addition,
energy per cycle do not take the performance, architecture,
and gate count into account, but for reference, this table gives
pJ/cycle of each chip. Most SoCs in the previous work rely
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TABLE IV
SUMMARY OF SUPPLY VOLTAGE LEVELS AND OPERATING FREQUENCIES OF ULP SoCs

ULP SoC [10] [24] [13] [14] TIP prototyping chip
Technology 28nm FDSOI 28nm FDSOI 14nm Tri-Gate 28nm LP 28nm FDSOI
Frequency (MHz) 20 443 0.74 25 452 020 100 950 50 70 200 50 100
Voltage (V) 045 090 044 060 120 040 050 085 055 058 1.05 054 048 044 061 054 049
Temperature (°C) 25 - - 20 - - - - - - - -40 25 80 -40 25 80
Best pl/cycle 26 72 6.2 35 29.4
System inter- Bus Bus Bus Bus+NoC uNoC
connect (Protocols)  (AHB, APB) (N/A) (AHB, APB) AHB (AXI, AHB, APB)
TEI-LP technique Not reported. TEI-BB Not reported. Not reported. TEI-VS and TEI-FS
TABLE V

EXECUTION TIMES OF THE BENCHMARKS ON DIFFERENT PLATFORMS

Chip Arty A7  Nexys
CoreMark (usec) 97.01 97.01 97.01
CoreMark (point)  10.31 10.31 10.31
Dhrystone (usec) 90 90 90

on a bus-based interconnect system [10], [13], [24], while a
combination of bus and NoC architectures is used in a recent
work [14]. In the table, only the previous work in [24] exploits
the TEI phenomenon without any consideration of the on-chip
interconnects, because only a few IPs are connected to the
system bus which does not induce a long wire structure. As
seen from the table, the TIP prototyping chip proves that it can
fully utilize TEI-VS, in that its supply voltage can be lowered
t0 0.48 V (0.54 V) at 25 °C and 0.44 V (0.49 V) at 80 °C while
continuing to operate at a target 50-MHz (100 MHz) clock
frequency.

C. Performance Estimation From the RVX

To validate one of the contributions of the tool to enabling
accurate performance estimation of the target SoC during the
FPGA prototyping step, a performance comparison between
the FPGA prototypes and the chip was performed. We pro-
totyped the SoC design with three different FPGA boards:
Arty A7-100T, Nexys Video, and our own custom boards.
The custom board uses a Xilinx FPGA chip named Kintex
Ultrascale+ [50]. Table V shows the results of running
CoreMark and Dhrystone on each hardware. The execution
time in the table is the average of one thousand and one mil-
lion executions of CoreMark and Dhrystone, respectively. As
seen in the results, because the architecture consists of all dig-
ital blocks except SRAM, and because SRAM operates in one
cycle in all the FPGAs and SoC, the results are all exactly
the same. In other words, we confirmed that FPGA prototyp-
ing can accurately predict the SoC performance. Due to the
mismatches in the characteristics of the PLL and/or memory
between the prototype and the chip, the performance of each
other may vary slightly. Custom FPGA boards can reduce this
error, and the RVX provides the ability to add such board
information.

VII. CONCLUSION

Exploiting the TEI phenomenon has a great potential in
reducing power consumption on ULP SoC. Many TEI-LP
techniques have been presented, but their actual benefits in fab-
ricated chips can be practically limited due to the wire delays
in system interconnects. To tackle this limitation and fully uti-
lize the TEI-LP techniques, thereby realizing the TEI-aware
ULP SoC platforms for IoT end nodes, we first presented the
new TIP, which adopts uNoC architecture. Next, to address
the difficulties and accelerate the development of the ULP
SoCs, we proposed a new EDA tool, the RVX. The presented
tool automatically generates complete RTL code, FPGA pro-
totyping environment, and software development kit for the
target ULP SoC and supports a special design that enables
the latest ULP technology. The tool has been used to cre-
ate FPGA prototypes and chips, and experiments with them
have verified that the proposed tool can be a total solution
that successfully accelerates the development of ULP SoCs.
One of the representative prototyping chip that is fabricated in
28-nm FD-SOI technology was described in this article. This
chip successfully exploits the TEI-LP techniques and saves
up to 35% (38%) power by lowering supply up to 0.44 V
(0.49 V) while maintaining 50-MHz (100 MHz) operating
frequency.
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