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Abstract. RISC-V is an open-source architecture that does not require license fees from pro-
cessor core vendors. This allowed RISC-V to become widely distributed first in the micro-
controller-class processor core market and subsequently in the market of higher-performance
devices. Currently RISC-V processor cores with in-order execution, which combine mid-
range performance, compactness, and energy efficiency are attracting the most interest from
customers. This makes the task of continuing to improve them a highly relevant. This paper
explores the application of a microarchitectural modification, asynchronous data bypass, to
increase the performance of in-order superscalar RISC-V processor core. Asynchronous data
bypass has been made for two pairs of functional blocks: between arithmetic-logic unit (ALU)
and ALU, between ALU and branch unit. The main obstacle of implementing asynchronous
data bypass is the creation of an extremely long logical path, which leads to violations of timing
constraints. To overcome this obstacle, an approach was proposed that involves completely
excluding a subset of instructions from asynchronous bypass and separating the logic of the
remaining instructions into groups based on the length of the logical path. This approach made
it possible to keep the logical path of asynchronous bypass no longer than the longest path of a
single execution unit. The results showed that the use of asynchronous bypass can significantly
increase the performance of in-order superscalar processor core. At the same time, the area
overhead is very low.
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Annoramuss. RISC-V sBisieTcst OTKPBITOM MPOILIECCOPHON apXUTEKTYypOil M HE TpeOyeT JIn-
LICH3MOHHBIX OTYMCICHUII OT pa3pabOTYMKOB MPOIECCOPHBIX siaep. TaKol MOAXOI IO3BOJIMI
RISC-V munpoko pacnpocTpaHUTLCSI cHavaja Ha pbIHKE MPOLIECCOPHBIX sSIAEP MUKPOKOHTPOJI-
JIEPHOTO KJIacca, W BIIOCJIEICTBUM BBIMTU Ha PBIHOK 0oJiee MPOU3BOAUTEIbHBIX YCTpOHcTB. K
HacCTOSIIeMy MOMEHTY HauboJbIIUN WHTEpec y nmoTrpedouteneit Boi3biBaloT RISC-V mporec-
COpHBIC SApa ¢ UCIIOJTHEHHEM KOMaHI B MPSAMOI O4epeaHOCTH, cOoUeTalolue B cebe mpon3-
BOIUTEJIBHOCTb CPEIHETO YPOBHS, KOMITAKTHOCTh M 3HEProaddeKTUBHOCTh. JJlaHHOE 00CTOSI-
TEJbCTBO JAeJIaeT aKTyaJbHOM 3amadyy MX JaJTbHEMIIEero YCOBEPIIICHCTBOBAHMS. B maHHOI cTaThe
HUCCeI0BaHO MTPUMEHEHUE MUKPOAPXUTEKTYPHONH MOIUMUKALIMU, aCUHXPOHHON MEPeChlIKU
JNaHHBIX, IJISI YBEJIMYEHUST TTPOU3BOAUTENbHOCTU cynepcKansipHoro RISC-V sanpa ¢ ucrnonHe-
HUEM KOMaHJ B MPSIMOU o4epeaHOCTU. PaccMOTpEeHO BHEIpPEHUE aCMHXPOHHOU MepechUIKU
MaHHBIX IJI ABYX Map (DYHKIMOHAJIBHBIX OJIOKOB: MEXIy apH(dMETHKO-JTOTMISCCKUM YCTPOii-
ctBoM (AJIY) u AJ1Y, mexny AJIY 1 610KoM 00pabOTKM IepexoaoB. [JIaBHBIM TIPEsITCTBUEM
MPY BBEICHUM aCMHXPOHHON MEPECHUIKU SBISETCS BO3SHUKHOBEHUE YPE3MEPHO IJIMHHOIO JIO-
TUYECKOTrO IMyTH, MPUBOISIIEIO K HApYIICHUIO BPEMEHHBIX orpaHudeHuii. s mpeomoseHus
JTAaHHOTO OOCTOSATENbCTBA MPEIIOXEH MOIX0/, 3aKJIIOYAIOIIUIACS B MOJHOM MCKIIOUYEHUM YacTU
WHCTPYKIMI U3 aCUHXPOHHOW MEPEChUIKA W Pa3IeIeHUU JIOTUKU OCTaBLIMXCS WHCTPYKIIUIA Ha
TPYIITBI IO IJIMHE JIOTUYECKOTro IMyTU. JIaHHBIN MOAXOA MO3BOJWI CACIaTh JJOTUUYECKUN ITyTh
MEPEeChUIKM HE JUIMHHEE, 9YeM CaMblil JUIMHHBINA MYTh OMMHOYHOTO HUCIIOJHUTEIBHOIO OJIOKa.
[MonyyeHHbIE pe3yabTaThl MOKA3bIBAIOT, YTO MPUMEHEHME aCHMHXPOHHON IEpeChUIKM TaHHBIX
MOXET OLIYTUMO YBEJIWYUTh MPOU3BOIUTEIbHOCTh CYNEPCKAISIPHOTO IMPOLIECCOPHOTO siapa ¢
WUCIIOJJTHEHUEM KOMaHI B mpsiMoii oyepeaHocTU. [Ipu aToM 3aTpaThl MO TJIOHIAAW SIBJASIOTCS
HE3HAYUTEJbHBIMU.

KiroueBbie clioBa: IpoLeCCOPHOE SIAPO, CYMEPCKANSIPHOCTD, MIPSIMast O4ePeIHOCTh, ACMHXPOHHAS
repechUIKa JaHHBIX, JIOTUYECKUI Ty Th
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Introduction

The RISC-V architecture had been developed in 2010, and in 2011 the first version of its base in-
struction set was published!. Open source and the absence of licensing fees for using the architecture
were declared to be the main principles of this architecture [1]. These conditions, which provide greater
independence for processor core developers, allowed RISC-V to gain attraction in the market for en-
ergy-efficient microcontrollers and subsequently expand into the market for higher-performance cores
[2—4].

Most of the implemented RISC-V processor cores has in-order execution [5]. In-order processor
core executes program instructions strictly in the order in which they are located in the execution flow.
If the current instruction cannot be executed, the entire core pipeline stops and waits until that instruc-
tion is completed. On the other hand, out-of-order processor cores analyze the dependencies between
instructions and reorder them to achieve maximum performance. In-order processor cores have less
performance than out-of-order processor cores. However, they are simpler to design, take up less area
are and consume less energy [6, 7].

RISC-V in-order microcontroller-class processor cores are currently widely available on the mar-
ket>** They are low-performance cores designed for maximum compactness and autonomous oper-
ation. They are used in the Internet of Things (IoT), various sensors, meters and simple Bluetooth
devices [8, 9]. The other fast-growing class is higher-performance in-order cores. They are intended
for use as coprocessors in data storage devices, energy-efficient components in systems on a chip, in
automotive security systems, in industrial machine tools, in communication systems, and for devices
that require an operating system: network routers and gateways, database servers, industrial terminals
and access panels with an advanced graphical user interface [10—15].

Compared to microcontrollers, these processor cores typically feature an additional instruction ex-
ecution pipeline (superscalar architecture), a greater number of pipeline stages, improved branch pre-
dictors and cache [16—18]. At the same time, improving the cores in this class remains a priority. Of
particular interest are modifications that increase performance without significantly increasing the core
area.

In this paper, we investigate a microarchitectural modification: asynchronous data bypass. It will be
implemented for some execute units of the RISC-V in-order superscalar core. It is assumed that the
introduction of this data pass-through will help eliminate some of the stalls in the core caused by de-
pendencies between instructions entering the core’s pipeline in a single clock cycle. This modification is
expected to increase the core’s performance while only slightly increasing its area.

Materials and methods

The microprocessor core used in this work belongs to a class of cores that offer higher performance
than microcontrollers and are capable of running an operating system. It is an in-order superscalar pro-
cessor core. The instruction execution pipeline of this core is shown in Fig. 1.

The instruction execution pipeline includes the following execution units:

* The arithmetic-logic unit (ALU) performs arithmetic and logical operations in a single clock
cycle. The instruction execution subsystem contains two ALUs each in the EQ and CM stages. ALU
pairing allows two ALU instructions to be executed in a single clock cycle. Additional ALUs at the CM
stage enable ALU instructions to be sent to the CM stage and help avoid some of the stall time caused
by dependencies.

' About RISC-V International. [online] Available: https://riscv.org/about/ (Accessed 28.09.2026)

2 PicoRV32 — A Size-Optimized RISC-V CPU. [online] Available: https://github.com/YosysHQ/picorv32 (Accessed 28.09.2026)

* A FPGA friendly 32 bit RISC-V CPU implementation. [online] Available: https://github.com/SpinalHDL/VexRiscv (Accessed 28.09.2026)

4+ FEMTORV32 / FEMTOSOC: a minimalistic RISC-V CPU. [online] Available: https://github.com/BrunoLevy/learn-fpga/tree/master/Fem-
toRV (Accessed 28.09.2026)
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Fig. 1. Schematic of instruction execution pipeline

» The branch unit executes conditional branch instructions, in a single clock cycle. The instruction
execution subsystem contains two BPUs each at the E0 and CM stages.

* The multiplier performs multiplication operations in two clock cycles. There is no duplication of
this unit in the pipeline.

* The iterative divider performs division operations. The number of cycles required to complete the
division depends on the number of bits in the dividend. This unit is not duplicated in the pipeline.

» The load store unit executes instructions that require interaction with memory.

The presence of two execution paths and two ALUs at the stages makes it possible to execute two
ALU instructions simultaneously. However, for in-order cores, a stall occurs when two ALU in-
structions with Read after Write (RAW) dependency enter the pipeline as shown in Fig. 2, a. Two in-
structions have entered the pipeline, and there is a dependency between them. The result of the first
instruction in the execution order (slot 0) is an argument for the second (slot 1). Because of this de-
pendency, the instruction in slot 1 stalls for one clock cycle until the result of the instruction in slot 0
becomes ready.

We propose implementing asynchronous data bypass between ALUs. This allows two dependent
instructions to move on to the EO stage together, as shown in Fig. 2, 6. In this case, the instruction in
slot 1 receives data from the instruction in slot 0 directly during execution through the bypass.

An asynchronous bypass can also be added for ALUs on the CM stage. The case of sending ALU
instructions to the CM stage is shown in Fig. 3. The instruction in slot 0 depends on the load from
memory instruction (Iw) and gets sent to the CM stage. At the same time, the asynchronous bypass al-
lows the instruction in slot 1 to also be sent to the CM stage and receive data from instruction in slot 0.

Implementing direct connection between ALUs adds a new logical path to the system. This path
could potentially become the longest in the system in terms of signal propagation time through the
logic gates (critical path) and lead to a violation of timing constraints (Fig. 4, a). To avoid violating
timing constraints, the following condition was set when organizing bypass: the logical path between
two ALUs must not be longer than the longest path of a single ALU.

It was determined that the following instructions have the longest logical path in the single ALU of
the original core:

* cpop — counts the number of logical ones in the register;

* clz — counts the logical zeros in the register up to the first logical one, starting from the most sig-
nificant bit;

* ctz — counts the number of logical zeros in the register up to the first logical one, starting from
the least significant bit.
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Fig. 4. Critical path of asynchronous bypass between ALUs: direct connection of two ALUs (a);
critical path optimization by separating commands logic (b)

Adding these instructions would inevitably result in failure to meet the specified condition and
violate timing constraints. Therefore, these instructions were completely excluded from the asyn-
chronous data bypass. All other instructions executed on the ALU were separated into two groups
depending on their logical path length: “short” and “long,” and the asynchronous data bypass was
organized as shown in Fig. 4, b.
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Fig. 5. Critical path of asynchronous bypass between ALU 0 and branch unit

The following instructions were classified as “short”:

* Logical instructions: and, or, xor, their versions with a constant argument — andi, ori, xori, their
versions with an inverted argument — andn, orn, xorn.

» Single-bit instructions: set bit — bset, clear bit — bclear, invert bit — binv, get bit value — bext.

» Data extension instructions: sext.b — signed extension of the lower 8 bits, sext.h — signed exten-
sion of the lower 16 bits, zext.h — unsigned extension of the lower 16 bits.

* Byte instructions: orc.b — logical OR for all bits in a single byte, rev8 — reversing the byte order,
brev8 — reversing the bit order within a single byte.

» Conditional assignment instructions: czero.eqz, CzZero.nez.

The remaining operations performed on the ALU were classified as “long”: addition, subtraction,
comparisons, shifts. Their logic path is much longer than that of the “short” operations, but signifi-
cantly shorter than that of the cpop, clz, and ctz operations.

We also tested the use of asynchronous data bypass between ALU 0 and branch unit. This time, it
will allow for the simultaneous execution of an ALU instruction in slot 0 and a dependent conditional
branch instruction in slot 1. The result of the instruction from ALU 0 is passed to one of the arguments
of the conditional branch operation in the branch unit.

In this case, to meet timing constraints, the next condition was set: logical path between ALU 0
and the branch unit must not be longer than the longest path in the single branch unit. To satisfy this
condition, only the following were added to the asynchronous data bypass:

 ALU 0 new “short” instructions: logical, data extension, byte instructions.

* Branch unit conditional branch instructions with an absolute equality condition: beq, bne, beqz,
bnez.

The remaining instructions executed by the ALU and the branch instructions with longer logical
paths (blt, bltu, bge, bgeu) were excluded. Thus, the asynchronous bypass between ALU 0 and branch
unit was organized as shown in Fig. 5.

Results and discussion

After implementing the asynchronous bypass, performance measurements were taken relative
to the original processor core. The following tests were used to measure performance: Coremark,
Dhrystone, integer tests from the SPEC2006 and SPEC2017 collections. The results are shown in
Fig. 6.

The test results show a noticeable performance gain when an asynchronous bypass is implement-
ed. It can be seen that the results for Dhrystone increased more than the others. This is probably
associated with the limited variety of operations in Dhrystone and its relatively small size. Due to
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Fig. 6. Processor core performance gain after implementing of an asynchronous bypass

these factors, the acceleration of basic operations may be more pronounced in this test. Moreover,
the introduction of an asynchronous bypass between ALU 0 and ALU 1 increased performance more
significantly than the bypass between ALU 0 and the branch unit.

We also evaluated the increase in processor core area resulting from the introduction of an asyn-
chronous bypass. A simulation-based synthesis was performed to estimate the processor core area
with an approximation to its actual fabrication on a chip. The increase of the core area compared to
the base one is shown in Table 1.

Table 1
Comparison of area increase relative to the base processor core

Modification Core area increase
Asynchronous bypass between ALU 0 and ALU 1 2.35%
Asynchronous bypass between ALU 0 and branch unit 0.56%

The introduction of an asynchronous bypass between ALU 0 and ALU 1 resulted in a greater
increase in area. This is because a significantly larger number of instructions were included in this
asynchronous bypass. First, this put more pressure on the logic path of the bypass, increasing the area
cost during simulation synthesis. Second, it led to increased area costs for data multiplexing and the
formation of the bypass context.

Conclusion

In this work, we investigated the use of asynchronous data bypass. This microarchitectural modifi-
cation was implemented to increase the performance of a superscalar in-order RISC-V processor core.

As part of this work, an asynchronous data bypass was implemented between the following execu-
tion units: ALU 0 and ALU 1, ALU 0 and branch unit. To meet the specified timing constraints, the
following approach was proposed: instructions with the longest logical paths were excluded from the
asynchronous bypass, and the logic of the remaining instructions was separated into groups based on
logical path length. A greater performance gain was achieved by introducing a bypass between ALU
0 and ALU 1 than by introducing a bypass between ALU 0 and the branch unit. However, this also
required a greater increase in core area: 2.35% against 0.56%, respectively.

Overall, the asynchronous data bypass succeeded in increasing the performance of higher-perfor-
mance class core that already incorporated previously known modifications. At the same time, the
area costs were relatively minor. This modification can be used to increase the performance of other
similar cores as well.
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