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DESIGN AND IMPLEMENTATION OF A FAULT-TOLERANT
SUPERSCALAR OUT-OF-ORDER RISC-V PROCESSOR

SUMMARY

Miniaturization in semiconductor technology has significantly increased the
susceptibility of processors to environmental factors. Protection of systems used
especially in space, aviation, and automotive applications against radiation-induced
transient faults is critically important. Traditional fault tolerance methods, triple
modular redundancy (TMR) and lockstep approaches, provide high reliability but
cause significant performance and area costs due to their continuously active state.

In this thesis, a fault-tolerant superscalar out-of-order execution RISC-V processor was
designed and implemented. The designed processor supports the RV32I base instruction
set and offers high performance through its three-way superscalar structure. Using the
on-demand modular redundancy (ODMR) approach, the system can switch between
high-performance mode and secure mode through external control signals based on
mission criticality.

The processor architecture has a six-stage pipeline structure: instruction fetch, decode
and rename, issue, execute, memory access, and writeback. Out-of-order execution
is implemented as a modern adaptation of the Tomasulo algorithm. The register alias
table (RAT) is used for register renaming, and the reorder buffer (ROB) is used for
speculative and out-of-order execution management. The RAT checkpoint mechanism
provides single-cycle state restoration in case of branch misprediction.

In secure mode, the three parallel execution channels form the TMR structure, masking
single-bit faults. Redundancy applied at the pipeline level offers faster fault detection
and recovery compared to core-level lockstep methods. Pipeline flushing or state
synchronization is not required for mode transition.

Verification work was performed using the Google RISC-V DV framework and Berkeley
Spike reference model. All test results showed full compliance with the reference
model. In performance analysis, an average instruction per cycle (IPC) value of 1.71 (on
deterministic algorithm tests) and a maximum IPC value of 2.90 (on arithmetic-intensive
workloads) were obtained. The three-way structure provided a 2.04x average speedup
compared to the single-way structure. In fault injection tests, all single-bit faults injected
into TMR-protected registers were successfully masked, and a 100% detection rate was
achieved for multi-bit faults when correlated faults were prevented through physical
design measures.

Physical design was performed in TSMC 16nm FinFET technology. Logic synthesis
results show that approximately 142,000 cells are used and 1 GHz frequency is
achievable. After TMR register placement optimization for improved fault tolerance,
the achievable frequency is approximately 870 MHz with 140 mW power consumption.

Xxiii



This work presents a novel RISC-V processor architecture that combines superscalar
out-of-order execution capacity with intra-core fault tolerance using the ODMR method.
The obtained results demonstrate that a flexible and efficient solution is provided for
applications requiring high reliability.
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HATA TOLERANSLI SUPEROLCEKLI SIRA DISI YURUTME
OZELLIKLI RISC-V iISLEMCI TASARIMI VE GERCEKLEMESI

OZET

Yar1 iletken teknolojisindeki siirekli minyatiirlesme, entegre devrelerin cevresel
faktorlere karsi duyarlili§in1 6nemli dlciide artirmistir. Kozmik 1sinlar ve yiiksek enerjili
parcaciklar yari iletken malzemelerle etkilesime girerek, bellek hiicreleri ve yazmaclarda
bit doniislerine neden olan tek olay bozulmalarina yol agabilmektedir. Teknoloji daha
kiiciik diigiimlere 6l¢eklendikge, tek bir parcacigin bitisik birden fazla hiicreyi etkiledigi
coklu bit bozulmalarinin olasili§1 da artmaktadir. Bu olgular, giivenilirliin biiyiik 6nem
tasidig1 uzay, havacilik ve otomotiv uygulamalarinda konuslandirilan sistemler i¢in
kritik zorluklar olusturmaktadir.

Uclii modiiler yedeklilik ve kilitli adim yiiriitme gibi geleneksel hata tolerans teknikleri,
gecici hatalara kars1 saglam koruma saglamaktadir. Uclii modiiler yedeklilik, tek bit
hatalarin1 maskelemek i¢in cogunluk oylama ile ii¢ yedekli donanim kopyasi kullanirken,
kilitli adim yontemleri tutarsizliklar: tespit etmek i¢in birden fazla islemci ¢ekirdegini
senkronize etmektedir. Ancak bu yaklasimlar 6nemli alan ve gii¢ ek yiikii getirmekte ve
daha kritik olarak, hata korumasinin gerekmedigi durumlarda bile aktif kalmakta, bu da
normal calisma sirasinda performans diisiisiine neden olmaktadir.

Istege baglh modiiler yedeklilik, bu sinirlamalar: ele alan esnek bir alternatif olarak
ortaya ¢ikmustir. Istege bagh modiiler yedeklilik sistemlerinde, yedeklilik gorev
kritikligine gore dinamik olarak etkinlestirilebilir veya devre dis1 birakilabilmektedir.
Kritik igslemler sirasinda sistem tam yedeklilik ile korumali modda c¢alisirken, normal
islemler sirasinda yedekli kaynaklar performansi maksimize etmek i¢in bagimsiz olarak
calisabilmektedir. Bu tez, istege bagh modiiler yedeklilik kavramini siiperdlgekli sira
dis1 islemcilere uygulamaktadir; bu minvalde yapilan bir ¢aligma ile karsilagilmamis
olup bu tez 6zgiin bir fikir sunmaktadir.

Bu tezin temel amaci, istege bagli yedekliligi destekleyen hata toleransl siiperolgekli
sira dig1 yuriitme 6zellikli bir RISC-V iglemci tasarlamak ve gerceklemektir. Spesifik
hedefler sunlardir:

e istege bagl modiiler yedeklilik calismasina uygun ii¢ yollu siiperslgekli mimari
tasarlamak; burada ii¢ yiiriitme kanali yiiksek performans i¢in bagimsiz olarak
veya hata toleransi i¢in toplu olarak {ii¢lii modiiler yedeklilik birimi olarak
calisabilmektedir.

e Cekirdek seviyesi yerine boruhatti seviyesinde cekirdek ici uzaysal yedeklilik
gerceklemek, geleneksel kilitli adim yontemlerine kiyasla daha hizli hata tespiti ve
toparlanma saglamak.
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e Boruhatt1 bosaltma veya durum senkronizasyonu gerektirmeyen diisiik gecikmeli
mod gecis mekanizmasi gelistirmek.

e Hem dal yanlis tahmini toparlanmasi hem de radyasyon kaynakli hata toparlanmasi
icin altyapi olarak hizmet eden c¢ift amach yazmag takma ad tablosu anlik goriintiisii
yapisi olusturmak.

Islemci RV32I taban tamsay1 komut setini desteklemekte ve yalnizca makine modunda
calismaktadir. Tasarim, gelecek calismalar olarak belirlenen ¢carpma/bdlme (M) ve
kayan nokta (F) uzantilarini, 6nbellek hiyerarsisini ve ¢ok ¢ekirdekli yapilandirmalari
hari¢ tutmaktadir.

Tasarlanan iglemci alti agsamali boruhattt mimarisi kullanmaktadir: getirme, kod
cozme/yeniden adlandirma, yayin, yiiriitme, bellek ve geri yazma. Bu yapu, stiperdlgekli
calisma ve hata toleransi i¢in ek gelistirmeler iceren Tomasulo algoritmasinin modern
bir ger¢eklemesini temsil etmektedir.

Getirme asamasi, li¢ yollu siiperdlcekli ¢alisma icin yeterli bant genigligi saglayarak,
hizalanmis komut tamponundan ¢evrim basina bes adede kadar komut almaktadr. iki
bitlik doyurucu sayac tabanli dal tahmincisi, gercekgi is yiiklerinde yiizde seksenden
fazla tahmin dogrulugu elde etmektedir. Doniis adresi y1gini, fonksiyon doniigleri icin
dogru tahminler saglamaktadir.

Kod ¢dzme/yeniden adlandirma agamasi ayn1 anda ii¢ adede kadar komutu iglemektedir.
Her komut, kontrol sinyalleri ve operand bilgilerini ¢ikarmak i¢in anlik kod ¢cozmeye
tabi tutulmaktadir. Yazmag¢ takma ad tablosu, sahte bagimliliklar1 (yazma sonrasi
yazma ve okuma sonrasi yazma tehlikelerini) ortadan kaldirmak icin yazmag yeniden
adlandirma gerceklestirmektedir. Mimari yazmaclar, 64 giris iceren daha biiyiik bir
fiziksel yazmac dosyasina dinamik olarak eslenmektedir.

Yayin asamasi, her kod ¢oziilen komut igin kaynak tahsis etmektedir. Uc paralel
kanal, komutlar1 rezervasyon istasyonlarina, yeniden siralama arabellefine ve
yiikleme/saklama kuyruguna dagitmaktadir. Yeniden siralama arabellegi, sirali
kesinlestirme ve hassas istisna igleme i¢in program sirasini korumaktadir. Kaynak
tahsisi, kilitlenmeleri Onlemek icin hem yeniden siralama arabellegi hem de
yiikkleme/saklama kuyrugu kullanilabilirligini dikkate almaktadir.

Yiirlitme asamasi, her biri tamsay1 aritmetik ve mantiksal iglemleri yiiriitebilen ii¢
aritmetik mantik birimi icermektedir. Komutlar, tiim kaynak operandlar kullanilabilir
hale geldiginde rezervasyon istasyonlarindan yayinlanmaktadir. Ortak veri yolu,
Tomasulo algoritmasinin sonug iletme mekanizmasini gercekleyerek sonuglari bekleyen
komutlara yayilamaktadir.

Bellek agsamasi, yiikleme/saklama kuyrugu araciliiyla yiikleme ve saklama iglemlerini
yonetmektedir. Bellek erigsim gecikmesini azaltmak icin saklamadan yiiklemeye iletme
gerceklenmistir. Dogru program yiiriitmesini saglamak i¢in bellek siralama kisitlamalari
korunmaktadir.

Geri yazma agsamasi, tamamlanan komutlar1 program sirasina gore kesinlestirmektedir.
Kesinlestirme {iizerine sonuclar mimari yazmag¢ dosyasina yazilmakta ve fiziksel
yazmaglar yeniden kullanim i¢in serbest birakilmaktadir. Yanlis dal tahmini tespiti,
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yazmag¢ takma ad tablosu anlik goriintiisii mekanizmasini kullanarak boruhatti
toparlanmasini tetiklemektedir.

Yazmag takma ad tablosu anlik goriintiisii mekanizmasi, tek cevrim gecikme ile erken
yanlis tahmin toparlanmasi saglamaktadir. Yanlis tahmin edilen dalin yeniden siralama
arabellegi en iist sirasina ulagsmasini bekleyen toparlanma yontemlerinden farkli olarak,
erken toparlanma kaydedilmis bir kayit noktasindan dogru islemci durumunu aninda
geri yiiklemektedir. 16 girislik dairesel tampon, her ugustaki dal i¢in doniis adresi y1gim
tepe isaretcileri ve program sayaci degerleri ile birlikte yazmac takma ad tablosu anlik
goriintiilerini saklamaktadir.

Bir dal yanlis tahmini tespit edildiginde, ilgili kayit noktas1 alinmakta ve yazmag takma
ad tablosu tek ¢evrimde geri yliklenmektedir. Bu mekanizma, ardisik durum yeniden
yapilandirmasi gerektiren geleneksel yaklagimlara kiyasla yanlis tahmin cezasini nemli
Olclide azaltmaktadir.

Giivenli modda, ii¢ siiper6lgekli kanal ayn1 komut akisini es zamanli olarak yiiriiterek
ticlii modiiler yedeklilik yapilandirmasi olusturmaktadir. Cogunluk oylayicilari, her ii¢
kanaldan gelen cikiglart karsilastirmakta ve bir kanal hata yagasa bile dogru sonucu
tiretmektedir. Kritik kontrol sinyalleri ve yazmag degerleri bu yaklasim kullanilarak
korunmaktadir.

Uclii modiiler yedeklilik gerceklemesi, radyasyon testi calismalarinda belirlenen en
savunmasiz yapilar1 korumaya odaklanmaktadir. Arastirmalar, radyasyon kaynakli
hatalarin yaklagik yiizde yetmis sekizinin belleklerde, yiizde on besinin ise yazmac
dosyalarinda olustugunu gostermistir. Buna gore, kritik boruhattt yazmaglari ti¢lii
modiiler yedeklilik oylayicilar ile korunmaktadir.

Yazmag dosyasi ve komut tamponu gibi biiyiik bellek yapilarinin, tek bit hatalarini
diizeltebilen ve ¢ift bit hatalarini tespit edebilen hata diizeltme kodlari ile korundugu
varsayillmaktadir. Hata diizeltme kodlar1 tasarimi ve entegrasyonu bu c¢alismanin
kapsami digindadir.

Yedekliligi ¢ekirdek seviyesi yerine boruhatti seviyesinde ger¢eklemenin temel avantaji,
basitlestirilmis mod gecisidir. Geleneksel kilitli adim sistemleri, yedekli moda girmeden
once birden fazla cekirdegi senkronize etmeyi gerektirir; bu durum boruhatlarim
bosaltmay1 ve yazma¢ durumlarin1 kopyalamay: icerebilmektedir. Buna karsilik,
onerilen mimari, yalnizca iiclii modiiler yedeklilik oylayicilarim etkinlestirerek ve
komut dagititm mantigin1 degistirerek mod gecisini saglamaktadir. Boruhatti bosaltma
veya durum senkronizasyonu gerekmemektedir.

Mod gegisi, 6zel bir kontrol yazmaci araciligiyla yazilim tarafindan ayarlanabilen
giivenli mod etkinlestirme sinyali ile kontrol edilmektedir. Bu, isletim sistemi veya
uygulamanin gorev agamasi veya cevresel kosullara gére koruma seviyesini dinamik
olarak ayarlamasina olanak tanimaktadir.

Islemci, hem kisitlama tabanli rastgele hem de deterministik testleri iceren
kapsamli bir test paketi kullanilarak dogrulanmistir. Google RISC-V DV cercevesi,
cesitli kdose durumlart ve stres kosullarini uygulayan rastgele komut dizileri
tiretmistir. Deterministik testler, ¢esitli hesaplama desenlerini kapsayan algoritma
gerceklemelerinden olugmustur.

XX Vil



Tiim test sonuglari, Berkeley Spike referans simiilatorii ile cevrim bazinda
karsilagtirilmistir. Tiim testlerde tam uyum saglanmis, RV32I komut setinin ve
siiperdlcekli sira digt yiirlitme mekanizmalarinin dogru gerceklendigi teyit edilmistir.

Performans ol¢iimleri, stiperdl¢ekli mimarinin etkinligini ortaya koymustur. Aritmetik
yogun rastgele testlerde, islemci teorik maksimumun yiizde doksan yedisini temsil eden
maksimum cevrim bagina 2,90 komut degerine ulasmistir. Deterministik algoritma
testleri, tek yayinl skaler islemciye kiyasla 2,04 kat hizlanmaya karsilik gelen ortalama
cevrim bagina 1,71 komut degeri vermistir.

Dal tahmincisi, gercekei is yiiklerini temsil eden deterministik testlerde yiizde seksenden
fazla dogruluk elde etmigtir. Rastgele testler, rastgele iiretilen komut dizilerinde
istatistiksel desenlerin bulunmamasi nedeniyle daha diisiik tahmin dogrulugu (ylizde
32-43) sergilemistir.

Hata enjeksiyonu testleri, ii¢lii modiiler yedeklilik korumasinin etkinligini dogrulamistir.
Uclii modiiler yedeklilik korumali yazmaclara enjekte edilen tek bit hatalar cogunluk
oylayicilar tarafindan basariyla maskelenmis, mimari duruma bozulma yayilmamistir.
Coklu bit hatalari, fiziksel tasarim onlemleriyle eslenik hatalar engellendiginde yiizde
yiiz dogrulukla tespit edilmistir.

Islemci, TSMC 16nm FinFET teknolojisi kullanilarak sentezlenmis ve yerlestirilmistir.
Lojik sentez yaklasik 142.000 hiicre iiretmis ve 1 GHz calismanin ulasilabilir oldugunu
gostermistir. Yerlestirme sonrasi zamanlama analizi, kritik yolda 106 ps’lik zamanlama
ihlali ortaya koymus, ulagilabilir frekansi yaklasik 900 MHz’e diistirmiistiir. Uglii
modiiler yedeklilik yazmag yerlesim optimizasyonu sonrasi, zamanlama ihlali 146
ps’ye cikmig ve ulagilabilir frekans yaklasik 870 MHz’e diigmiistiir.

Kritik yol, yazmac takma ad tablosu anlik goriintiisii yapisindan, 6zellikle yanlis
tahmin toparlanmasi sirasinda kayit noktalar1 arasindan se¢cim yapan ¢ogullayicidan
gecmektedir. Gelecek calismalar bunu ek boruhatti asamalar1 veya daha agresif sentez
kisitlamalar1 araciligiyla ele alabilir.

Yiizde 20 degistirme aktivitesi varsayimi altinda gii¢ analizi, yerlestirme sonrasi
asamada toplam 131,6 mW gii¢ tiiketimi vermistir. Bu, hem dinamik hem de kacak gii¢
bilesenlerini icermektedir.

Bu tez asagidaki 6zgiin katkilar1 sunmaktadir:

1. Istege bagl modiiler yedeklilik uyumlulugu icin tasarlanmis ii¢ yollu siiperdlcekli
mimari; burada ayni ti¢ kanal, calisma moduna bagli olarak ya paralel komut yiiriitme
ya da liclii modiiler yedeklilik korumasi saglamaktadir.

2. Cekirdek seviyesi kilitli adim yOntemlerine kiyasla daha hizli hata tespiti ve
toparlanma saglayan, oylayici devreleriyle sinirli minimal alan ek yiikii ile boruhatti
seviyesi uzaysal yedeklilik gerceklemesi.

3. Boruhatti1 bosaltma veya durum senkronizasyonu olmadan yalnizca oylayicilarin
etkinlestirilmesini ve dagititm manti§inin degistirilmesini gerektiren diisiik gecikmeli
mod gecis mekanizmasi.
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4. Tek cevrimli dal yanlis tahmini toparlanmasi saglayan ve radyasyon kaynakli hata
toparlanmasi i¢in altyapi olarak hizmet eden ¢ift amac¢l yazmag takma ad tablosu
anlik goriintiisii yapisi.

Bu tez, istege bagli modiiler yedeklilik yaklasimini kullanarak siiperolcekli sira
dis1 yiiriitmenin ¢ekirdek i¢i hata toleransi ile birlestirilmesinin uygulanabilirligini
gostermistir. Tasarlanan RISC-V islemci, normal modda ii¢ yollu siiperdlcekli yiiriitme
ile yiiksek performans elde ederken, giivenli modda ii¢lii modiiler yedeklilik oylama ile
tek olay bozulmasina kars1 koruma saglamaktadir.

Deneysel sonuglar, Onerilen mimarinin hem fonksiyonel dogrulufunu hem de
fiziksel gerceklenebilirligini dogrulamaktadir. Performans dl¢iimleri, komut seviyesi
paralelliginin etkin kullanimini teyit ederken, hata enjeksiyonu testleri ii¢lii modiiler
yedeklilik ile korumali yapilarda tek olay bozulmasinin maskelendigini gostermektedir.

Gelecek calisma yonleri sunlar1 igermektedir:

1. Bellek yapilari i¢in hata diizeltme kodlar: ile koruma eklenmesi.

2. RV32M ve RV32F komut seti uzantilarina destegin genisletilmesi.
3. Gergekei bellek modelleri ile 6nbellek hiyerarsisinin entegrasyonu.
4. Kritik yol optimizasyonu yoluyla zamanlama ihlalinin ¢oziilmesi.

5. Cekirdekler arasi istege baghh modiiler yedeklilik gruplandirmas: ile ¢ok cekirdekli
yapilandirmalarin arastirilmasi.
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1. INTRODUCTION

Rapid advancements in semiconductor technology have enabled transistor dimensions
to shrink below 10 nanometers. While this miniaturization provides significant gains in
terms of performance and energy efficiency, it also brings various reliability challenges.
Shrinking feature sizes increase the susceptibility of circuits to environmental factors

and raise the probability of transient faults known as soft errors [1].

Particularly in critical application domains such as space, aviation, and automotive,
cosmic rays and high-energy particles can interact with semiconductor materials,
causing bit-flips known as single event upsets (SEU). When multiple bits are affected
simultaneously, multiple bit upsets (MBU) occur, and the adverse effects on the system

increase significantly [2,3].

Various fault tolerance methods have been developed against such errors. Different
approaches exist, including spatial redundancy, temporal redundancy, and information
redundancy, and these methods must be used together in reliable systems. Each method
has different cost, performance, and protection characteristics, and selecting the most

appropriate combination according to application requirements is critically important.

Fault-tolerant designs can be examined in two main categories according to their
implementation level. The first category comprises core-level solutions where multiple
processor cores are operated together using the lockstep method. The second category
consists of intra-core solutions that provide protection at the pipeline level within a
single core. Intra-core solutions enable faults to be detected at the stage where they
occur and prevent their propagation [4]. Furthermore, this approach minimizes detection

latency, offering faster recovery.

A significant disadvantage of traditional redundancy methods is the requirement for
the system to continuously operate in redundant mode. This situation causes resource

waste even during periods when fault risk is low. The on-demand modular redundancy



(ODMR) approach provides a solution to this problem [5]. In ODMR, the system can
switch between redundant mode and independent operation mode as needed. Thanks to
this flexibility, fault protection is provided during critical tasks while full performance

is achieved under normal conditions.

The RISC-V instruction set architecture (ISA), with its open-source and royalty-free
nature, provides a suitable platform for fault tolerance research. Its modular structure

allows different protection mechanisms to be flexibly integrated.

1.1 Thesis Objective

The primary objective of this thesis is to design a RISC-V processor that combines the

advantages of intra-core fault detection with the flexibility of on-demand redundancy.

Intra-core solutions enable faults to be detected at the pipeline level and allow early
intervention. The ODMR approach allows the system to dynamically adjust its
redundancy level. This thesis aims to combine the advantages of these two approaches

in a single architecture.

The design has been planned to provide an infrastructure suitable for ODMR. Triple
modular redundancy (TMR), which is widely used in space, aviation, and automotive
sectors and has fault masking capability, has been selected as the redundancy level
[6]. TMR’s fault masking capability enables single-bit errors to be corrected without
affecting the system output. In accordance with this choice, the processor has been

designed as three-way superscalar with out-of-order execution capability.

The designed processor can operate in three different modes. In superscalar mode, three
independent instruction streams are executed in parallel, providing high performance.
In secure mode, the same instruction is processed simultaneously across three channels,
achieving fault tolerance. Additionally, when required, the processor can operate in
low-power mode using a single lane. Mode transitions can be performed with minimum

latency thanks to the pipeline-level implementation.

This thesis constitutes the implementation of the research direction proposed in our
previously published work as a preliminary study for this thesis. In that work, it

was proposed that by implementing the ODMR method on-chip, more effective



fault correction could be achieved in secure mode, while more applications could

be supported in performance mode [7].

1.2 Thesis Contributions

This thesis presents a novel processor architecture that combines the advantages of
intra-core fault detection with the flexibility of on-demand redundancy (ODMR). The

main contributions of this work can be summarized as follows:

1. Three-way superscalar architecture suitable for ODMR: The designed processor has
been implemented with a superscalar structure featuring three parallel execution
channels. This design decision offers a critical advantage for ODMR: during normal
operation, three channels can theoretically reach an IPC value of three by processing
different instructions in parallel, while in secure mode, the same three channels
process a single instruction simultaneously, forming the TMR structure. The reason
for choosing TMR as the redundancy level is its fault masking capability, which is

critically important in space, aviation, and automotive sectors.

2. Pipeline-level redundancy with minimal overhead: Unlike core-level lockstep
methods, spatial redundancy has been implemented within the pipeline. Since the
processor has been designed as three-way superscalar, many structures already exist
in triplicate, keeping the additional cost required for security low. The additional
area cost required for TMR 1is limited only to voter circuits and is kept at a minimum

level.

3. Low-latency mode transition: Implementing redundancy at the pipeline level
minimizes mode transition latency. Switching from superscalar mode to secure mode
does not require pipeline flushing or core state synchronization. Only the activation

of voter circuits and modification of instruction dispatch logic are sufficient.

4. Dual-purpose recovery mechanism with RAT checkpoint: RAT checkpoint has
been designed to enable single-cycle restoration of processor state in case of
branch misprediction. This sixteen-entry structure has been developed to provide

infrastructure that can also be used for recovery from radiation-induced critical faults



in secure mode. Thus, it provides infrastructure for a fast rollback mechanism to

prevent multi-bit errors that cannot be masked by TMR from affecting the workflow.

1.3 Thesis Scope
This thesis has been conducted within the following limitations:

Instruction set: The RV32I base instruction set is supported. Multiply, divide, and

floating-point extensions are out of scope.

Microarchitecture: The processor has been designed with a three-way superscalar
structure and provides out-of-order execution support. A total of 64 physical registers,
comprising 32 architectural registers plus 32 rename registers, and a 16-entry RAT

checkpoint are used.

Fault tolerance: Critical control flow elements are protected with TMR. Error correction
code (ECC) protection is assumed for large memory structures, but the implementation

of ECC is out of scope.

Verification: Functional verification has been performed using the Google RISC-V DV
framework, which is also used by many academic and industrial works, and validated
against the Berkeley Spike reference model [8,9]. The effectiveness of the TMR

mechanism has been measured through fault injection tests.

Physical implementation: The design has been synthesized using TSMC 16nm FinFET
technology and has undergone place-and-route stages. A specialized placement strategy
was developed to ensure adequate spacing between TMR register replicas, mitigating

the risk of correlated faults from single particle strikes.

1.4 Thesis Organization
This thesis consists of six chapters.

The first chapter presents the motivation, objective, contributions, scope, and

organization of the thesis.



The second chapter contains the fundamental concepts and literature review. Fault
tolerance methods, RISC-V architecture, and related works are explained in detail in

this chapter.

The third chapter describes the microarchitecture of the designed superscalar processor.

Pipeline stages are addressed in separate subsections.

The fourth chapter presents the on-demand redundancy implementation. Operating

modes and the critical fault recovery mechanism are explained in this chapter.

The fifth chapter reports the verification methodology, performance analysis, fault

injection tests, and physical design results.

The sixth chapter summarizes the conclusions and presents recommendations for future

work.






2. BACKGROUND AND RELATED WORKS

This chapter presents the fundamental concepts that form the basis of this thesis work
and the related literature review. First, the RISC-V instruction set architecture is
introduced, followed by an explanation of the fundamental concepts of superscalar
processor design. The chapter continues with fault tolerance methods and finally

examines related works.

2.1 RISC-V Architecture

RISC-V is an open-source instruction set architecture developed at the University of
California, Berkeley in 2010 [10]. Unlike traditional commercial architectures, RISC-V
does not require royalty fees and offers designers complete customization freedom.
These features have led to widespread adoption in research and educational applications

as well as industrial applications.

The fundamental design philosophy of RISC-V is modularity. The architecture consists
of a mandatory base instruction set and optional extensions. The base instruction set,

called RV32I, supports 32-bit integer operations.

The base instruction set uses six different instruction formats: R-type (register-register
operations), I-type (immediate value operations), S-type (store), B-type (branch),
U-type (upper immediate), and J-type (jump). This regular format structure allows

simplification of instruction decoding hardware [11].

The RISC-V architecture defines three privilege levels: machine mode (M-mode),
supervisor mode (S-mode), and user mode (U-mode) [12]. While only machine mode
is typically used in embedded systems, all levels can be active in systems running an

operating system. The processor designed in this thesis supports only machine mode.



2.2 Processor Microarchitecture Concepts

Modern processors increase performance by exploiting instruction level parallelism
(ILP). This section explains the fundamental concepts of superscalar and out-of-order

execution processors.

2.2.1 Pipeline and hazards

Pipelined processors can start a new instruction every clock cycle by dividing the
instruction execution process into independent stages. The classic five-stage pipeline

consists of instruction fetch, decode, execute, memory access, and writeback stages [11].

Three fundamental hazard types exist in pipeline design. Data hazards occur when an
instruction depends on a result that has not yet been computed. Control hazards arise
from the need to determine program flow before the outcome of branch instructions is
known. Structural hazards occur when multiple instructions want to access the same

hardware resource simultaneously.

Forwarding and stalling techniques are used to resolve data hazards. Branch prediction
mechanisms have been developed to reduce the impact of control hazards [13]. Two-bit

saturating counter-based prediction is widely used as a simple and effective method.

2.2.2 Superscalar execution

Superscalar processors have the capacity to fetch, decode, and execute multiple
instructions per clock cycle. An N-way superscalar processor can theoretically complete
N instructions per cycle. However, actual performance falls below this theoretical

maximum due to data dependencies and resource conflicts [14].

The effectiveness of superscalar execution depends on the instruction-level parallelism
in the program. The ILP value in typical programs ranges between 2 and 5 [15].
Speculative execution and dynamic scheduling techniques are required to achieve

higher parallelism.



2.2.3 Out-of-order execution

Out-of-order execution enables instructions to be executed as soon as their operands
are ready, independent of program order. This approach increases ILP utilization by

reducing stalls caused by data dependencies.

The Tomasulo algorithm is the dynamic scheduling method that forms the basis of
out-of-order execution [16]. The algorithm implements operand waiting and result

broadcasting mechanisms through reservation stations (RS).

Register renaming plays a critical role in out-of-order execution. This technique
eliminates false dependencies that do not exist at the software level. Architectural
registers are dynamically mapped to a larger physical register pool. The register alias

table (RAT) manages this mapping.

The reorder buffer (ROB) ensures that out-of-order executed instructions are committed
in program order. This structure is necessary for correct handling of interrupts and

exceptions. Management of speculative execution is also performed through the ROB.

2.2.4 Branch prediction and recovery

Speculative execution enables instruction fetching and execution to continue before
branch outcomes are determined. The branch predictor predicts the branch decision and
target address in advance. If the prediction is correct, a performance gain is achieved; if

incorrect, speculative instructions are cancelled.

Two fundamental approaches exist for restoring processor state in case of misprediction.
In the lazy recovery method, the processor waits for the mispredicted branch to reach
ROB head, and the state is corrected by scanning backward. This approach causes high

latency.

In the eager recovery method, snapshots of the RAT state are saved while branch
instructions are being processed. When a misprediction is detected, the state is

immediately restored from the relevant snapshot. This approach requires additional



hardware called RAT checkpoint or shadow RAT but significantly reduces recovery

latency [14].

2.3 Fault Tolerance Concepts

Miniaturization in semiconductor technology has increased the susceptibility of circuits
to environmental factors. This section explains fault types and protection methods

developed against them.

2.3.1 Fault types

Hardware faults are classified into two main categories according to their permanence.
Permanent faults arise from manufacturing defects or aging and persist even if the
system is restarted. Transient faults generally originate from environmental factors and

correct themselves [1].

Cosmic rays and high-energy particles can interact with semiconductor materials,
causing bit-flips known as single event upsets (SEU). As technology scales, the
probability of a single particle affecting multiple cells increases, and multiple bit

upsets (MBU) occur [2,3].

In radiation tests conducted by Santos et al., it was observed that 78% of faults occurred
in memories and 15% in register files [17]. These results clearly indicate that large

memory structures and register files need to be protected.

2.3.2 Spatial redundancy

Spatial redundancy involves operating multiple copies of hardware in parallel. Double
modular redundancy (DMR) provides fault detection by comparing the results of two
copies. Triple modular redundancy (TMR) can both detect and mask faults through

majority voting of three copies [6].

The lockstep method applied at the core level operates multiple processor cores
synchronously. Dual-core lockstep (DCLS) provides fault detection, while triple-core
lockstep (TCLS) provides fault masking. However, these approaches allow faults to

propagate to the core output and increase recovery latency.
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Spatial redundancy applied at the pipeline level enables faults to be detected at the
stage where they occur. Intra-core protection prevents fault propagation, offering faster

recovery [4].

2.3.3 Temporal redundancy

Temporal redundancy involves repeating the same operation at different times and
comparing results. Additionally, rollback mechanisms that restore processor state to
a known-good checkpoint upon error detection also fall under temporal redundancy;
this thesis utilizes such an approach through the RAT checkpoint structure. Using
only temporal redundancy needs minimal additional hardware but reduces performance.
Tedeschi et al. developed a design that provides low-cost fault tolerance using temporal
redundancy [18]. This method can be preferred when there are power and area

constraints in embedded systems.

2.3.4 Information redundancy

Information redundancy provides fault detection and correction by adding additional
bits to data [19]. In the examined literature, single error correction, double error
detection (SECDED) is the most commonly used ECC implementation, which can

correct single-bit errors and detect double-bit errors.

According to the work by Annink et al., ECC implementation can increase memory area
by 33.5% and power consumption by 14%. However, with optimization techniques,

this increase can be reduced to 3% [3].

Information redundancy applied at the pipeline level enables faults to be detected at
the stage where they occur. DuckCore, developed by Li et al., is an example of this

approach [20].

2.3.5 On-demand modular redundancy

A significant disadvantage of traditional redundancy methods is the requirement for
the system to continuously operate in redundant mode. This situation causes resource

waste even during periods when fault risk is low.
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On-demand modular redundancy (ODMR) is a flexible approach proposed by
Rogenmoser et al. [5]. In ODMR, the system can switch between redundant mode and
independent operation mode according to task criticality. Fault protection is provided

during critical tasks, while full performance is achieved under normal conditions.

The Trikarenos project presents a concrete implementation of the ODMR approach [21].
This design, implemented in 28nm technology, provides flexible fault tolerance for

CubeSats.

2.4 Related Works

This section examines superscalar RISC-V processor designs and fault-tolerant

Processor works.

2.4.1 Superscalar RISC-V processors

Berkeley Out-of-Order Machine (BOOM) is the most recognized open-source
superscalar RISC-V processor [22]. The third-generation design, known as

SonicBOOM, demonstrated 6.2 CoreMark performance per MHz [23].

The Xiangshan project is a high-performance RISC-V processor developed by the
Chinese Academy of Sciences [24]. This design, with six-way superscalar and

out-of-order execution capabilities, targets industrial-level performance.

2.4.2 Fault-tolerant RISC-V processors

DuckCore, developed by Li et al., is among the first RISC-V designs providing
pipeline-level fault protection [20]. The design presents a low-cost intra-core protection
architecture covering program counter (PC), arithmetic logic unit (ALU), and register

file units by optimizing standard error correction codes.

Dorflinger et al. proposed a comprehensive fault tolerance framework for RISC-V [4].

This framework allows different protection levels to be applied modularly.

Rogenmoser’s Trikarenos project optimized the ODMR approach for small satellite
applications [21]. It uses Ibex cores with ECC-protected SRAM and achieves up to

2.96x speedup in parallel mode.
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The approach developed by Mach and Kohiitka proposes the pipeline splitting technique
as an alternative to the traditional lockstep method [25]. This approach provides fault
tolerance with only 8% area overhead and saves resources by excluding large structures
such as the branch predictor from protection. Faults in predictors are naturally corrected

by the existing misprediction recovery mechanism.

2.4.3 Thesis positioning

When existing works are examined, fault-tolerant superscalar out-of-order execution
RISC-V processor designs are not directly encountered. Works such as DuckCore
provide pipeline-level protection but do not support superscalar out-of-order execution.

High-performance designs such as BOOM do not include fault tolerance.

This thesis presents a novel RISC-V processor design that combines superscalar
out-of-order execution capacity with intra-core TMR protection using the ODMR
method. Thanks to the ODMR approach, a dynamic balance between performance and

reliability can be established.
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3. SUPERSCALAR PROCESSOR ARCHITECTURE

3.1 Overview

This section introduces the overall architecture of the designed three-way superscalar
out-of-order execution RISC-V processor. The processor aims to achieve high
performance by exploiting instruction-level parallelism and has been designed as a
modern adaptation of the Tomasulo algorithm [16]. Similar RISC-V superscalar designs

are actively being researched in the literature [24,26].

3.1.1 Architectural goals

The designed processor has been developed in accordance with four fundamental goals:

The superscalar execution goal enables multiple instructions to be processed in

parallel per clock cycle.

e The out-of-order execution goal enables ready instructions to be executed

independent of program order.

e The speculative execution goal allows instruction fetching and execution to proceed

speculatively without waiting for branch outcomes.

e The fast misprediction recovery goal enables the processor to return to the correct

state in a single cycle when branch misprediction is detected.

In accordance with these goals, the processor eliminates false dependencies with register
renaming technique, dynamically resolves data dependencies with tag-based operand

waiting, and performs in-order commitment with the reorder buffer.
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3.1.2 Pipeline stages overview

The processor pipeline consists of six main stages. The instruction fetch stage fetches
five instructions per clock cycle, but some instructions may become invalid due to
branch and jump instructions. Fetched instructions are forwarded to subsequent stages
three at a time through a buffer. This asymmetric design compensates for branch losses,
ensuring continuous feeding of the pipeline. Table 3.1 summarizes the main tasks of

the pipeline stages.

Table 3.1: Processor pipeline stages and their main tasks.

Stage Main Tasks

This stage fetches five instructions from memory in
Instruction Fetch parallel, predicts control flow with the branch prediction
system, and buffers valid instructions.

This stage decodes three instructions in parallel, maps
architectural registers to physical registers, and saves
snapshots for branch speculation.

Decode and Re-
name

This stage allocates instructions to reservation stations
and the reorder buffer, reads operand values, and
broadcasts results over the common data bus (CDB).

Data Control and
Issue

This stage performs arithmetic and logical operations
Execute with three parallel functional units, evaluates branch
conditions, and detects mispredictions.

This stage manages load and store operations with three
Memory parallel ports, performs store-to-load forwarding, and
ensures memory consistency.

This stage writes results to architectural state, commits up
Writeback to three instructions in order per cycle, and frees physical
registers.

Detailed explanations of each stage are provided in the following sections of this
chapter: Instruction Fetch (Section 3.2), Decode and Rename (Section 3.3), Data
Control and Issue (Section 3.4), Execute (Section 3.5), Memory (Section 3.6), and
Writeback (Section 3.7).

To provide an overview, the fundamental structural features of the designed processor
are summarized in Table 3.2. This table collectively presents the numerical parameters

of components that will be explained in detail in subsequent subsections.
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Table 3.2: Technical specifications of the designed processor.

Feature Value
Architecture RISC-V (RV32])
Pipeline Depth 6 Stages

Instruction Fetch Width 5 Instructions/Cycle

Issue/Commit Width 3 Instructions/Cycle
Physical Register Count 64 (32 Architectural + 32 ROB)

Reservation Stations 3 Units
Load Store Queue (LSQ) 32 Entries

Branch Predictor 256-Entry 2-bit Counter, RAS, JALR Cache

Each of these features is explained in detail within the scope of the relevant pipeline stage
in the following subsections. The top-level block diagram of the designed processor is

shown in Figure 3.1.

3.2 Instruction Fetch Stage

The instruction fetch stage is the first stage in the superscalar processor’s pipeline and
plays a critical role in determining program flow. This stage performs the tasks of
fetching instructions from memory in parallel, predicting branch behavior in advance,
and buffering fetched instructions for subsequent stages. In the designed processor, the
instruction fetch stage consists of three fundamental components: the multi-fetch unit,

the branch prediction system, and the instruction buffer.

3.2.1 Multi-fetch unit

The multi-fetch unit is the central coordination unit designed to enable the superscalar
processor to exploit instruction-level parallelism. This module has the capacity to fetch
five instructions from memory per clock cycle and dynamically determines the validity

of fetched instructions according to branch prediction results.

Although the designed processor has a three-way issue structure, the instruction fetch
width has been set to five. An important rationale exists behind this asymmetric design

decision.

All components of the processor attempt to bring the number of instructions per cycle

close to the theoretical limit of three. In accordance with this goal, the instruction fetch
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Figure 3.1: Top-level block diagram of the designed superscalar processor.
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stage must also feed an average of three instructions per clock cycle to the forward
portions of the pipeline. However, due to branch instructions predicted as “taken” and
direct and indirect jump instructions, not every fetched instruction can be forwarded to
the forward portions of the pipeline. In this case, instructions following the predicted
branch or jump instruction are considered invalid and are not written to the instruction

buffer.

The way to compensate for these losses is to fetch more than three instructions in
subsequent cycles. Thanks to the five-wide fetch design, the goal is that even if some
instructions become invalid due to branch and jump instructions, the average number of
instructions written to the instruction buffer remains three. This approach prevents the

instruction fetch stage from becoming a bottleneck for the pipeline.

The parallel instruction fetch mechanism enables high throughput by providing
simultaneous access to five consecutive memory addresses. Separate address outputs
and instruction inputs exist for each instruction. Instruction addresses are calculated
starting from the program counter value at 4-byte intervals; this is because of the fixed

32-bit instruction length in the RISC-V architecture.

The validity of fetched instructions is determined according to branch prediction results.
When any instruction’s branch or jump prediction yields a “taken” result, all instructions
following this instruction are automatically marked as invalid. The reason for not
forwarding these instructions to subsequent stages is that these instructions are predicted
to not be executed; if these instructions were forwarded to subsequent stages, the

processor would operate incorrectly by following the wrong program flow.

The invalidation logic operates in a cascaded manner: if the first instruction branches
or jumps, the second, third, fourth, and fifth instructions become invalid; if the second
instruction branches or jumps, the third, fourth, and fifth instructions become invalid,
and this logic continues through the fifth instruction. This situation is illustrated in

Figure 3.2.

An early-stage immediate decoder module has been added to each instruction to enable

early calculation of branch target addresses. These modules extract immediate values
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Figure 3.2: Example of invalidation of subsequent instructions

from within instructions without waiting for full instruction decoding. The regular

structure of RISC-V instruction formats facilitates this early decoding operation.

The target address of branch instructions is calculated by adding the current program

counter value and the immediate value within the instruction.

Performing this calculation in the instruction fetch stage allows branch prediction to
determine the correct target address in a single clock cycle. The immediate decoder
extracts values from different bit fields for B-type branch instructions and J-type jump

instructions and applies sign extension.

When a branch or jump instruction is mispredicted, all speculative state in the pipeline
must be cleared and the correct program flow must be resumed. Since up to three
instructions can be processed simultaneously in the designed processor, multiple
misprediction results can occur in the same cycle. Even if these results are calculated

out of order, they are quickly prioritized to begin the clearing operation.

The oldest among the three possible mispredictions must be considered. The reason
for this is that younger branches may be on the speculative path of the older branch.
When the older misprediction is corrected, younger branches will already be cleared;
therefore, separately processing younger mispredictions means performing unnecessary
computation. This prioritization is performed by the misprediction handling logic in the
multi-fetch unit: a misprediction from channel zero has priority over channels one and

two, and a misprediction from channel one has priority over channel two.

When the clear signal is activated, the program counter is redirected to the correct target

address and the instruction buffer is flushed.
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3.2.2 Program counter controller

The program counter controller is a critical component responsible for determining the
next fetch address. This unit decides how the program counter value should be updated

by evaluating information from various sources.

Program counter update is performed according to 4 different scenarios, and these

scenarios are evaluated according to a specific priority order.

The highest priority scenario is misprediction correction. When a misprediction signal
comes from the execution stage, the program counter is redirected to the correct address.
This situation overrides all other updates because re-establishing the correct program

flow has the highest priority.

The second priority scenario includes indirect jump predictions. When a prediction is
available for a JALR instruction, the program counter is updated to this predicted target

address.

The third priority scenario covers direct branch and jump instructions. When a branch
or JAL instruction is predicted as “taken,” the program counter is updated to the target

address calculated by adding the immediate value to the current value.

The fourth and final scenario is normal sequential progression. When no branch or
jump instruction is predicted, the program counter is advanced by 20 bytes for five

instructions.

Program counter values for five instructions are calculated in parallel. Consecutive
addresses are obtained by adding the current program counter value with fixed offsets
of 4, 8, 12, and 16 bytes for each instruction. This parallel calculation minimizes

instruction fetch latency.

Additionally, return address values are also calculated for jump instructions. Instructions
classified as CALL (using x1 or x5 as destination) push their return addresses to the
return address stack (RAS). This value corresponds to 4 bytes beyond the program

counter.

21



3.2.3 Branch prediction system

The branch prediction system enables early detection and high-accuracy prediction of
control flow changes. In typical programs, branch and jump instructions have a ratio
between 15 and 25% [11]. Without effective branch prediction, each branch instruction
causes a delay of several clock cycles in the pipeline; this situation significantly reduces

processor performance.

The impact of misprediction penalty on superscalar processors is much more devastating
compared to scalar processors. The fundamental reason for this is that more speculative
instructions are being processed simultaneously in the wide pipeline, and all these
instructions are wasted in case of a misprediction. The effective instructions per
cycle value (IPCpffecrive) 1s expressed in terms of ideal value (W), branch ratio (B),

misprediction rate (M), and penalty cycles (P) as follows:

14
1+W-B-M-P

IPCeffective = (31)

In this equation, W represents processor width (1 for scalar, 3 for three-way superscalar),
B represents branch instruction ratio, M = (1 — Accuracy) represents misprediction rate,
and P represents misprediction penalty cycle count. With assumptions of 20% branch

ratio (B = 0.20), 80% prediction accuracy (M = 0.20), and three-cycle penalty (P = 3):

1 1
IPC,outar = — = 0.89, 32
sealar = 1 1 020x 020 %3 1.12 (3-2)

3 3
IPCyyper = = =2.21. 33
SUPEr T 1 4+3%0.20x0.20x 3 1.36 (3-3)

Evaluated in terms of efficiency, the scalar processor maintains 89% of its ideal value
(Mscalar = 0.89/1 = 89%), while the superscalar processor can only maintain 74%
(Msuper = 2.21/3 = 74%). This analysis clearly demonstrates why branch prediction

accuracy is critically important in superscalar architectures.

Two main prediction mechanisms exist in the designed system: a two-bit counter
predictor for conditional branch instructions and a JALR predictor for indirect jump

instructions.
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3.2.3.1 Branch prediction

A 256-entry two-bit saturating counter predictor is used for the direction prediction of
conditional branch instructions. This predictor accesses the relevant counter value using
the lower bits of the program counter as an index and generates a prediction based on
the most significant bit of the counter. Each counter can be in one of 4 states: strongly

not taken (00), weakly not taken (01), weakly taken (10), and strongly taken (11).

The fundamental rationale for using a two-bit counter is the weak performance that
single-bit counters exhibit at loop exits. When a loop repeats 100 times and then exits, a
single-bit counter immediately changes its direction and makes an incorrect prediction
at the next loop entry. A two-bit counter provides resilience against such anomalous

situations because it requires two consecutive wrong outcomes [13].

During the design process, a GShare-based tournament predictor was also developed
and tested. The GShare predictor is indexed by XORing the program counter with global
branch history and offers higher accuracy rates [27]. However, two critical limitations
were identified in the practical application of this predictor. The first limitation is
that access to RAM synthesis tools was not available during development, causing
large tables to be synthesized as flip-flops; this situation causes unacceptable area
consumption and critical path extension. The second limitation is that if access to large
tables cannot be completed in a single clock cycle, pipeline additions are required; this

addition increases misprediction penalty.

To evaluate the impact of these limitations, two predictor scenarios were compared.
In the simulations performed, the two-bit counter predictor achieved an average 80%
accuracy rate across different test programs, while the GShare predictor exhibited
an average 83% accuracy rate. These values may vary depending on the branching
characteristics of the application being run. In the first scenario, a 256-entry two-bit
counter predictor is used with a 3-cycle misprediction penalty. In the second scenario, a
4096-entry GShare predictor is used, but a 4-cycle misprediction penalty is applied due
to the pipeline. With assumptions of branch ratio B = 0.20 and processor width W = 3,

IPC values were calculated as follows:
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3 3
1+3%x020x020%x3 1.36

3 3
= =2.13. 3.5
1+3x0.20x0.17x4 141 (3-5)

IPCyimpie = 2.21, (3.4)

1P Cgshare =

The calculations show that the 3% accuracy improvement provided by the GShare
predictor cannot compensate for the increased misprediction penalty. In accordance
with this result, the two-bit counter predictor offering smaller area cost and lower

misprediction penalty was selected.

3.2.3.2 JALR prediction

Indirect jump instructions read their target address from a register, so it is not known at
fetch time. Therefore, a separate prediction mechanism is required for JALR instructions.
The JALR predictor consists of two fundamental components: the JALR target buffer

and the return address stack.

The JALR target buffer is a cache structure that stores the target addresses of previously
executed JALR instructions. This structure is indexed by the program counter value and
returns the most recently used target address. Since many indirect jumps, especially
virtual function calls and switch statements, repeatedly jump to the same target address,

this approach provides high accuracy.

In the designed system, the JALR target buffer has a capacity of 32 entries. Each
entry contains a validity bit, tag value, and target address. Tag comparison is used to

distinguish different JALR instructions.

The return address stack is a specialized structure for predicting function call and return
patterns. The majority of function calls occur as call-return pairs; this situation naturally

matches a last-in-first-out structure.

In the RISC-V architecture, call and return instructions are implemented with JAL
and JALR instructions that use registers x1 or x5 as destination or source. When a
call instruction is detected, the return address is pushed onto the stack; when a return

instruction is detected, it is popped from the stack and used as the target address.
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In the designed system, the return address stack has a depth of 8 entries. To support
speculative execution, the stack top pointer is saved to the RAT checkpoint during each

branch prediction and restored in case of misprediction.

3.2.4 Instruction buffer

The instruction buffer is a first-in-first-out structure that provides decoupling between
the instruction fetch and decode stages. This decoupling allows both stages to operate

at different speeds and increases pipeline efficiency.

The instruction fetch stage can operate at different speeds due to branch and jump
instructions, and the forward stages of the pipeline can operate at different speeds due
to reasons such as data dependencies and memory operations. Therefore, instructions
obtained from instruction memory must be collected in a buffer and served to the
forward stages of the pipeline from there. This approach reduces the complexity of the

processor to a manageable level while also providing performance improvement.

Additionally, when the issue stage is stalled, the instruction fetch stage can continue
operating until the buffer is full. This isolation prevents short-term stalls from affecting

the entire pipeline.

The instruction buffer has been implemented as a circular buffer managed with head
and tail pointers. The default buffer depth is 16 entries, and this value must be a power

of two; this requirement simplifies modular arithmetic operations.

Each buffer entry contains various information: 32-bit instruction data, program counter
value at prediction time, predicted next program counter value, branch prediction result,
and return address stack top pointer value. This information is necessary for correct

processing of the instruction in subsequent stages.

The backpressure mechanism slows down the instruction fetch stage when the buffer is
full, preventing data loss. When at least five empty slots exist in the buffer, the fetch
ready signal is activated. The five-slot requirement was determined to accommodate the

maximum number of instructions that can arrive in a single cycle.
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Performing instruction insertion when fewer than five empty slots exist would
complicate the calculation of the next instruction address. In the current design, this

complexity is avoided and address calculation logic is kept simple.

3.3 Decode and Rename Stage

The decode and rename stage is responsible for processing instructions received from the
instruction buffer and performs two fundamental tasks: instruction decoding and register
renaming. Instruction decoding analyzes RV32I instruction formats to generate control
signals. Register renaming eliminates false dependencies that hinder out-of-order

execution [16,28].

Three fundamental structures are used in this stage: the register alias table (RAT)
that maps architectural registers to physical registers, free list structures that manage
available physical register and queue addresses, and RAT checkpoint that stores
snapshots for branch speculation. The general flow of this stage is illustrated in

Figure 3.3.
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Figure 3.3: Decode and rename stage general flow.

This stage receives three instructions from the instruction buffer and performs the

following operations in parallel for each:

1. Instruction decoding operation (RV32I format parsing)
2. Register renaming (RAT query and allocation)

3. Reorder buffer and load store queue resource allocation
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4. If branch instruction, save snapshot to RAT checkpoint

All of these operations are completed in a single clock cycle. In cycle N, instruction
reception, decoding, and renaming are completed combinationally. In cycle (N + 1), all

information is forwarded to the next stage and the RAT is updated.

3.3.1 Instruction decoding

The instruction decoding unit is implemented with three separate RV32I decoder
modules operating in parallel. Three instructions are processed simultaneously per
clock cycle and control signals are generated. The fundamental reason for preferring
this parallel structure is that instruction decoding is an entirely combinational process

and there is no dependency between instructions at this stage.

Each decoder analyzes the 32-bit RISC-V instruction to generate architectural register
addresses, control signals, and instruction type information. Architectural register
addresses are five bits wide each for the first source register, second source register,
and destination register. Control signals determine the arithmetic logic unit operation,

memory access type, branch condition, and register write permission.

3.3.2 Register renaming

Register renaming is a critical mechanism that forms the foundation of out-of-order
execution. This technique eliminates write-after-write (WAW) and write-after-read
(WAR) type false dependencies by mapping architectural registers to a larger physical
register file [29]. Thanks to this elimination, only the true data dependency

read-after-write (RAW) condition remains.

The RISC-V architecture defines 32 architectural registers, but the designed processor
has 64 physical registers. The structure and management of the physical register space

is explained in detail in Section 3.4.

3.3.2.1 Register alias table

The register alias table (RAT) is a structure that tracks which physical register each of

the 32 architectural registers is mapped to. This table, shown in Figure 3.4, consists of
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32 entries that are 6-bits wide. Each entry holds the current physical register address
of the relevant architectural register. The most significant bit indicates whether the

physical register is located in the register file or in the reorder buffer.

Commit Signals

Register Alias Table

Allocated Address 0 .| Aliased Values
Allocated Address 1 » X0 0
Allocated Address 2 N 1
Allocation Enable 0 7
» X2 32
Allocation Enable 1
» X3 35
Allocation Enable 2 & indepandent
ocaflon Enalve » Aliased Values ";::: -
Read Address 0 For Read Addrs
Read Address 1 | Final Read .
“| %28 28 _Physical Addresses -
%29 29 "
- Forwarded Values
X30 36
Read Address 5 For Reqd Addrs
> xXH 3

Allocated to Read Address
Forwarding Use Forwarded

Figure 3.4: Register alias table (RAT) structure.

The multi-port structure of the table is designed to support three-way superscalar
execution. Six read operations can be performed per clock cycle; this number
corresponds to two source register queries for each of three instructions. Additionally,

three write operations can also be performed in parallel.

As an important design decision, the zeroth architectural register is always mapped to
the zeroth physical register. In the RISC-V architecture, the zeroth register contains a

fixed zero value, and this special case is handled in hardware.

During parallel renaming of three instructions, dependencies between instructions must
be handled correctly. For example, if the first instruction writes to a register and the
second instruction uses the same register as a source, the second instruction should
receive the first instruction’s new physical register address, not the old value in the table.

This requirement is met with same-cycle forwarding logic.
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When source register addresses are queried, comparison is made with destination
registers of previous instructions. If there is a match, the newly allocated physical
register address is used instead of the table value. Forwarding priority is given to the
most recent instruction; this prioritization is mandatory to preserve program order. This

process is shown in 3.3.

Table 3.3: Same-cycle forwarding example: source register resolution for three parallel

instructions.

Instruction Source 1 Source 2 Dest S1 Fwd S2 Fwd
ADD x1, x2, x3 x2 x3 p33 - -
SUB x4, x1, x5 p33 x5 p34 Instr O -
XOR x6, x1, x4 p33 p34 p35 Instr O Instr 1

3.3.2.2 Resource allocation lists

In out-of-order execution architecture, physical register and queue entry allocation
for memory operations must be performed for each new instruction. These allocation

operations are managed through circular buffer-based free lists.

The free register list is a critical structure that manages available physical register
addresses. In a three-way superscalar architecture, up to three instructions are processed

per cycle and each instruction potentially requires a physical register allocation.

In the traditional free list approach, finding three independent free resources requires
complex priority encoder logic. In this design, the index-as-value structure has been
preferred to solve this problem. Each entry in the circular buffer has a value equal to
its own index: entry O contains value 0, entry 1 contains value 1. In this approach, the

buffer does not store actual data but only manages which indices are available.

0
1
Commit Enables Nesxt Write Addr 2
e .
Calculation 3
Allpcafion Enables | Next Read Addr 23
3 ! —» Allocated Allocated
Calculation 29 Addres T}
—* Selection resses
- 30
read pointer
Addrezzes Awaiting k3|
Allacation

Figure 3.5: Circular buffer-based free list structure.
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In this structure shown in Figure 3.5, allocation is performed simply by reading from
the read pointer. The first allocated ID is the value of the read pointer; second and third
allocations are one and two greater, respectively. The superiority of this approach is
that complex logic operations are not required to find free addresses; only the pointer
value is read. Additionally, three allocations can be performed simultaneously and
all allocations can be reverted in a single cycle by resetting the pointer in case of

misprediction.

Deallocation is performed through the write pointer as the reverse of allocation. When an
instruction is committed, the old physical register previously used for that instruction’s

destination register is returned to the free list.

A separate address allocation mechanism exists for memory operations. When load
and store instructions are detected, an entry is allocated in the load store queue. This

allocation operation occurs in parallel with physical register allocation.

The load store queue address list is also implemented in the same circular buffer
structure. This design provides the same advantages as the free register list: all
speculative allocations can be instantly cancelled by returning the read pointer in
case of misprediction. Up to three queue entries can be allocated per cycle for memory

operations, and queue fullness is reflected back to the decode stage as backpressure.

As shown in Table 3.4, the register renaming mechanism eliminates two types of false
dependencies. In Write-After-Write (WAW) dependency, two instructions writing to
the same architectural register write to different physical registers and can operate
independently of each other. In Write-After-Read (WAR) dependency, the read
operation is from the old physical register while the write operation is to the new

physical register.

Table 3.4: Register renaming operation for an example instruction sequence.

Original Instruction Operation Renamed Instruction
ADD x1, x2, x3 x2—p2, x3—p3, x1+-p33 ADD p33, p2, p3
SUB x4, x1, x5 x1—p33, x5—p5, x4<—p34 SUB p34, p33, p5
XOR x1, x6, x7 x6—p6, X7—p7, x1+-p35 XOR p35, p6, p7
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3.3.3 Branch speculation support

During out-of-order execution, branch instructions are executed speculatively before
their outcomes are determined. This approach allows subsequent instructions to
be processed without waiting for branch instruction outcomes. However, special
mechanisms are required for the processor to return to a consistent state in case of

misprediction.

Several different methods exist for returning the processor to a consistent state when
misprediction is detected. In traditional Tomasulo-based processors, waiting until the
branch instruction reaches the head of the reorder buffer is required; however, this
method causes serious performance losses. Snapshot-based methods store a copy of
processor state for each speculative branch and instantly restore this copy in case of

misprediction [30].

3.3.3.1 Snapshot mechanism

RAT checkpoint is implemented as a 16-entry circular buffer. When each branch or

jump instruction is processed, a snapshot of the current state is saved to this buffer.

Checkpoint Entry 0 Checkpoint Entry 1 Checkpoint Entry 2 Checkpoint Entry 14 |Checkpoint Entry 15

—_—
Push Signals RAT Snapshot RAT Snapshot RAT Snapshot RAT Snapshot RAT Snapshot
RAT Snapshot
& Misprediction
Singals
B —
Execute Results Physical Addr Physical Addr Physical Addr Physical Addr Physical Addr
RAS Top RAS Top RAS Top RAS Top RAS Top
Correct PC Correct PC Correct PC Correct PC Correct PC
Resolved Resolved Resolved Resolved Resolved
Mispredicied Mispredicied Mispredicted Mispredicted Mispredicied
Head Pointer Tail Pointer

Figure 3.6: RAT checkpoint and snapshot structure.

The information saved in this structure shown in Figure 3.6 includes the physical
mapping of 32 architectural registers, the branch instruction’s physical register address,
the program counter value at prediction time, the indirect jump flag, and the return

address stack top pointer.
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It has been observed that a smaller buffer may be sufficient during normal operation.
However, in secure mode, snapshots are saved not only for branch instructions but for
every instruction in order to return to the nearest safe point during unrecoverable errors
resulting from multi-bit errors. Therefore, a larger capacity is required. With three

parallel push interfaces, up to three snapshots can be taken per clock cycle.

After snapshots are taken, commit operations modify the register alias table. These
changes must also be reflected in the snapshots. During each commit operation, the
mapping of the relevant architectural register is checked in all active snapshots and

updated if necessary.

Even if branches are executed out of order, resolution outputs must be forwarded to other
modules in order. RAT checkpoint sets the resolved or mispredicted flags of the relevant
entry according to out-of-order resolution results from the execution stage. When the
entry at the head pointer is resolved, its result is forwarded to other modules and the

pointer is advanced. This ensures priority is always given to the older instruction.

3.3.3.2 Misprediction recovery

When misprediction is detected, the processor is returned to a consistent state using
information from the snapshot. The recovery operation consists of several steps:

1. The register alias table is restored from the snapshot.

2. The free register list pointer is set to one greater than the mispredicted branch’s

physical register address.
3. The load store queue pointer is set according to the value from the LSQ.
4. The correct program counter value is forwarded to the instruction fetch stage.
5. The return address stack top pointer is restored.

6. If GShare is used, information such as the global history table, program counter
value, and prediction made is also sent for predictor update. This information is not

needed when using the two-bit predictor.

32



These operations are completed in a single clock cycle and correct-path instructions can

be fetched in the next cycle.

For example, consider the following instruction sequence:

e BEQ xI, x2, target ; Branch instruction (mispredicted: taken)
e ADD x3, x4, x5 ; Speculative instruction

e LW x9, 0(x10) ; Speculative load

Suppose the branch instruction was predicted as “taken” but is actually “not taken.” As
speculative instructions are executed, new physical registers have been allocated for

registers x3 and x9, and a queue entry has been allocated for the load instruction.

When the branch is detected as mispredicted, the register alias table is restored to the
state at the branch point, free list pointers are reverted, and the program counter is set to

the correct address.

3.4 Data Control and Issue Stage

The data control and issue stage has been designed as a modern adaptation of the
Tomasulo algorithm [16]. This stage obtains operand values for instructions coming
from the decode and rename stage, provides a dynamic waiting mechanism for operands
that are not yet ready, and issues ready instructions to functional units. Additionally,
broadcasting execution results to all waiting units simultaneously is the responsibility

of this stage.

The designed processor has 64 physical registers, and this space is divided into two
different regions. Physical registers from O to 31 are located in the architectural register
file and hold committed values; these values are results whose correctness is guaranteed
architecturally. Physical registers from 32 to 63 are located in the reorder buffer and
store speculative values that have not yet been committed. The properties of these

regions are summarized in Table 3.5.

The 6-bit physical register addresses coming from the decode and rename stage are

used to obtain operand values in this stage. The most significant bit of the physical
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Table 3.5: Physical register space regions and their properties.

Region Address Range MSB Property
Register File 0-31 0 Committed, always ready
Reorder Buffer 32-63 1 Speculative, tag check required

address determines from which source the operand value will be read. When this bit is
zero, the value is read from the register file and is always considered ready. When the
bit is one, the value is requested from the reorder buffer and the readiness status of the
value is determined according to the tag field of the relevant entry. This dual structure,
illustrated in Figure 3.7, enables consistent management of speculative and committed

values under a single addressing scheme.

Register File
32%32-bit
6 Read [ 3 Wit Forts

X0
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x2
X3
READ_ADDR_0[4:0] | = Register File Data
X238
X289
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: ROB Data 3
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READ_ADDR_0[5]

Figure 3.7: Source selection based on the most significant bit of physical register
address.

The data control and issue stage consists of three fundamental components: reservation
stations that handle operand waiting and instruction dispatch functions, the reorder
buffer that stores speculative results and provides in-order commit infrastructure, and
the register file that holds committed values. These components communicate with

each other through the common data bus. In addition to the components in this stage,
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the communication with the load-store queue (L.SQ) and functional units (FU) is also

illustrated in Figure 3.8.
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Figure 3.8: Data control and issue stage components and data flow between them.

3.4.1 Reservation station

Reservation stations are one of the critical components of out-of-order execution
architecture. These structures dynamically resolve instruction operand dependencies,
allowing consumer instructions to progress in the pipeline even if producer instructions
have not yet completed [16]. In the designed processor, each reservation station stores
the instruction assigned to it and this instruction’s operand information, monitors
the common data bus until operands are ready, and dispatches the instruction to the

functional unit it is connected to when all operands are ready.

Three separate reservation stations exist in the designed system, each connected to a
single functional unit. Each reservation station has been designed with single-instruction
capacity, as shown in Figure 3.9. The rationale behind this design decision is the
reliability requirement: since the primary goal of the designed processor is reliability,

critical structures are protected with TMR technique. Since reservation stations contain
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wide data fields such as operand data and control information, multi-entry capacity

increases area cost to an unacceptable level.

Reservation Station
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Decode Result Occupied
e e Store: of FOrWard Control Signals
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Operand B Data
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PC Value at Prediction

©Operand A Data RS to Execute Interface

RS to Execute Interface

Figure 3.9: Reservation station entry structure and stored information.

3.4.1.1 Tag system and common data bus monitoring

The fundamental innovation of the Tomasulo algorithm is tracking producer-consumer
relationships through tags. In the classical approach, a dependent instruction must wait
for the instruction that produces its source operand to complete. In the tag-based system,
a dependent instruction can be placed in the reservation station even if the producer
instruction has not yet executed. This approach can be considered the equivalent of

pipeline forwarding in out-of-order execution architectures.

Three-bit tag values are used in the designed system. When the tag value is zero, one, or
two, it is understood that the operand is being awaited from the zeroth, first, or second
ALU, respectively. When the tag value is three, the operand is awaited from the load
store queue. When the tag value is seven, the operand is ready and its value can be used

directly. These values are summarized in Table 3.6.

Table 3.6: Operand tag values and their meanings.

Tag Value Meaning

0 (3’b000) Awaiting from zeroth ALU

1 (3’b001) Awaiting from first ALU

2 (3’b010) Awaiting from second ALU
3(3’b011) Awaiting from load store queue
7 (3’bl11) Operand ready

The reservation station continuously monitors the common data bus to resolve its

pending operands. The tag value stored for each operand is compared with validity
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signals on the common data bus. For example, if an operand’s tag is zero and a valid
result has been broadcast on the zeroth ALU channel, this result is written to the relevant

operand field and the tag is updated to seven.

A special matching mechanism is required for results coming from the load store queue.
ALU results are fixed to specific channels; each ALU broadcasts from its own channel.
However, the load store queue can produce results from different entries each cycle and
can dynamically route these results to one of three channels (for details, see Section 3.6).
Therefore, for an operand with tag value three, channel checking alone is insufficient;
additionally, the match between the broadcast result’s target physical register address

and the address the operand is waiting for must also be verified.

3.4.1.2 Instruction issue

For an instruction to be dispatched to a functional unit, both of its operands must be in
ready state. For an operand to be considered ready, one of two conditions is sufficient:
the operand came from the register file (physical address MSB=0) or it came from the
reorder buffer and its tag value is seven. The reservation station supports two different

dispatch scenarios.

In the direct dispatch scenario, the instruction’s operands coming from the decode stage
are already ready. In this case, the instruction is directed to the functional unit in the
next clock cycle without being held in the reservation station. This scenario applies to
committed values read from the register file or speculative values marked as ready in

the reorder buffer.

In the stalled dispatch scenario, at least one of the operands is not yet ready. The
instruction is placed in the reservation station and the common data bus monitoring
mechanism is activated. As pending operands are resolved from the common data bus,
the instruction is dispatched to the functional unit in the clock cycle after both operands

become ready.
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3.4.1.3 Speculative flush

When branch misprediction is detected in the execution stage, speculative instructions
that came after the mispredicted branch must be flushed from the pipeline. In the
traditional approach, this flush operation waits for the mispredicted branch to reach the
head of the reorder buffer. However, this waiting period causes significant performance

losses, especially in deep-pipeline processors.

An eager flush mechanism is used in the designed system. At the moment misprediction
is detected, speculative instructions are flushed in a single cycle using information
obtained from the RAT checkpoint. The flush decision is based on distance comparison

on the circular buffer.

Since the reorder buffer operates as a circular buffer, simple index comparison is
insufficient. Each instruction’s age is determined by its distance from the reorder

buffer’s head pointer. Distance calculation is performed with the following equation:

) idx — head_ptr if idx > head_ptr
distance = ) L (3.6)
32 —head_ptr+idx if idx < head_ptr

In this equation, idx represents the instruction’s index in the reorder buffer, and head _ptr
represents the head pointer. The distance of the mispredicted branch is compared with
the distance of the instruction in the reservation station; if the instruction’s distance in
the reservation station is greater, this instruction came after the mispredicted branch

and must be flushed.

An example scenario can be considered to illustrate this mechanism. Assume three
reservation stations hold instructions with indices 3, 25, and 8 respectively, and the head
pointer is 20. Also assume that the branch instruction at index 5 has been detected as

mispredicted. Distance calculations are shown in Table 3.7.

In this example, only the instruction in RS; is considered speculative and is flushed.
Thanks to this mechanism, misprediction recovery is significantly accelerated compared

to traditional methods.
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Table 3.7: Speculative flush example scenario (head_ptr = 20, branch index = 5).

Unit Index Calculation Distance Decision
Branch 5 32—-20+5 17 (reference)

RSy 3 32—-20+3 15 Not flushed (15 < 17)

RS, 25 25-20 5 Not flushed (5 < 17)

RS, 8 32—-20+8 20 Flushed (20 > 17)

3.4.2 Reorder buffer

The reorder buffer is a critical structure that acts as a bridge between out-of-order
execution and in-order commit [29]. This structure temporarily stores speculative
results from functional units and coordinates the commitment of instructions in program
order. The commit operation itself is explained in the writeback stage; this section

addresses the roles of the reorder buffer in the data control stage.

The reorder buffer is implemented as a 32 entry circular buffer. The fields contained
in each entry are summarized in Table 3.8. The circular buffer structure is managed
through head and tail pointers, with allocation operations performed by the tail and

commit operations performed by the head.

Table 3.8: Reorder buffer entry fields.

Field Name Size (bits) Description
Result Value 32 Execution result
Producer Tag 3 Source from which result is expected
Architectural Register Address Destination register

5
Executed Flag 1 Has instruction completed
Exception Flag 1 Misprediction/exception
Branch Flag 1 Is branch instruction
Store Flag 1 Is store instruction

3.4.2.1 Allocation and result update

For each instruction coming from the decode and rename stage, an entry is allocated
in the reorder buffer. In the three-way superscalar structure, up to three allocation
operations can be performed in parallel per clock cycle. During allocation, the entry’s
producer tag is set, the executed flag is reset, and the destination architectural register

address is recorded.
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When functional units complete execution, results are conveyed to the reorder buffer
over the common data bus. Common data bus channels carry the target physical register
address in addition to result data. Since this address directly indicates the location of
the entry in the reorder buffer, the update operation is performed with position-based
addressing. The content-based addressing approach used in traditional designs requires
parallel comparison across all entries for tag matching, and this situation means 32
comparator circuits. By directly using the physical address in the designed system, this
complex structure is avoided and area cost is significantly reduced. When the matching
entry is found, the result value is written to the relevant field, the tag is updated to seven,

and the executed flag is activated.

While operand reading is being performed for newly arriving instructions, the reorder
buffer may simultaneously be receiving updates from the common data bus. A
forwarding mechanism is used to handle this situation. If an update is coming from the
common data bus for the address being read in the same cycle, the current value from
the common data bus is returned instead of the old value in the buffer. This mechanism

prevents data inconsistency and eliminates unnecessary wait cycles.

Recovery of the reorder buffer in case of misprediction is performed with a quite simple
mechanism. The tail pointer is moved to the position after the mispredicted branch
instruction. This operation logically invalidates all speculatively allocated entries.
There is no need to separately clear the contents of entries because these positions are

overwritten when new instructions are allocated.

3.4.2.2 Store permission mechanism

Management of store operations in a speculative execution environment presents a more
complex problem compared to load operations. When a speculative load operation is
cancelled due to misprediction, the read value can simply be ignored; the problem is
resolved by not writing this value to the register file at the commit stage. However,
when a speculative store operation writes to memory, reversing this write operation

requires much more complex mechanisms.
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To avoid this complexity, a store permission mechanism is used in the designed system.
Store instructions cannot perform memory write operations until they reach one of
the head three positions of the reorder buffer. For a store instruction to be written to
memory, three conditions must be satisfied: the instruction must be in one of the head
three positions, address calculation must be completed, and there must be no unresolved

branch instruction ahead of it.

Thanks to this mechanism, only store operations guaranteed to commit are written
to memory. In case of misprediction, speculative store operations that have not yet
received permission are cleared from the reorder buffer and memory consistency is

preserved.

3.4.3 Common data bus

The common data bus is the communication infrastructure that implements the result
broadcasting mechanism of the Tomasulo algorithm. This structure distributes results

from functional units to all waiting units simultaneously.

6 common data bus channels exist in the designed system. The first three channels
are dedicated to each of the three ALUs; the zeroth ALU broadcasts its results from
channel zero, the first ALU from channel one, and the second ALU from channel two.
The next three channels are used by the load store queue. The reason for allocating
three channels to the load store queue is that three separate memory ports exist in the
designed system; each memory port can independently produce results and these results

are broadcast from separate channels.

Each common data bus channel carries a standard set of signals. These signals are listed

in Table 3.9.

Table 3.9: Common data bus channel signals.

Signal Name Size (bits) Description
Valid 1 Indicates result is valid
Result Data 32 Execution result value
Target Physical Address 6 Target physical register address
Misprediction Flag 1 Branch misprediction detected
Branch Flag 1 Result belongs to branch instruction
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All signals are conveyed in parallel to reservation stations, the reorder buffer, and the

load store queue, as illustrated in Figure 3.10.
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Figure 3.10: Common data bus broadcast network and component connections.

The broadcast mechanism ensures that results reach all relevant units in a single cycle.
Reservation stations resolve their pending operands, the reorder buffer updates relevant
entries, and the load store queue receives address calculation results and store data. This
simultaneous distribution forms the foundation of the Tomasulo algorithm’s dynamic

resolution of data dependencies.

3.4.4 Register file

The register file is the structure that permanently stores committed instruction results.
This structure, corresponding to the 32 architectural registers defined by the RISC-V

architecture, contains 32 32-bit registers.

To support the three-way superscalar architecture, the register file has a multi-port

structure. Six read ports enable parallel reading of 2 source operands for each of 3
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instructions per clock cycle. Three write ports allow simultaneous write operations at

the commit stage.

Read operations are performed combinationally and data is returned in the same clock
cycle. Write operations are performed on the rising edge of the clock signal. When
both reading and writing to an address occur in the same cycle, bypass logic is activated
and enables the new value being written to be read. This mechanism is applied for all
three write ports, with highest priority given to the value of the instruction that came

last in program order.

In the RISC-V architecture, the zeroth register has a special position and always carries
the value zero. To ensure this behavior, the zeroth physical register is forced to zero
every clock cycle. Even if any instruction attempts to write to this register, the value

does not change and the architectural requirement is guaranteed at the hardware level.

3.5 Execute Stage

The execute stage is the pipeline stage where actual computational operations of
instructions are performed. This stage receives ready instructions from reservation
stations, performs arithmetic and logical operations, evaluates branch conditions, and
performs misprediction detection. Computed results are sent to the issuing reservation

station, which then broadcasts them through the common data bus.

In the designed three-way superscalar structure, three independent functional units
operate in parallel, as shown in Figure 3.11. Each functional unit has full arithmetic
logic unit (ALU), shifter, and branch controller capacity and can execute one instruction
per clock cycle. Since all operations for the RV32I base instruction set are completed in

a single clock cycle, functional units can accept new instructions every cycle.

3.5.1 Functional unit structure

Each functional unit consists of an ALU, a shifter, and a branch controller. These three
subunits operate in parallel and their results are selected through a multiplexer according
to the function selection signal. This design shortens the critical path and makes all

RV32I arithmetic, logical, and control flow operations completable in a single cycle.
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Figure 3.11: Execute stage general structure and component connections.

The ALU consists of two subunits: arithmetic and logical. The arithmetic unit supports
addition, subtraction, signed comparison, and unsigned comparison operations. The
logical unit performs AND, OR, and XOR operations. Results of both subunits are
calculated in parallel and selection is made according to the most significant bit of
the function selection signal. Supported operations and selection values are shown in

Table 3.10.

Table 3.10: ALU function selection signals and supported operations.

Selection Value Operation Description
0 (3’b000) ADD Addition
1 (3’b001) SUB Subtraction
2 (3°b010) SLT Signed less-than comparison
3(3’b011) SLTU Unsigned less-than comparison
4 (3’b100) XOR Exclusive OR
5(3’b101) OR OR
6 (3’b110) AND AND

In addition to computation results, the ALU also produces status flags used in branch
condition evaluation. The zero flag is active when the result is zero, the negative flag is
active when the most significant bit of the result is one, the carry flag is active when
a carry occurs in addition or subtraction operations, and the overflow flag is active in

signed arithmetic overflow conditions.
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The shifter is designed in barrel shifter architecture and performs variable-amount
shift operations in a single clock cycle. The logical left shift operation shifts the first
operand left by the specified amount and fills with zeros from the right. The logical
right shift operation shifts right and fills with zeros from the left. The arithmetic right
shift operation preserves the sign bit while shifting right and fills with the sign bit from
the left. The shift amount is processed as five bits and shifting from zero to thirty-one

bits can be performed.

The branch controller evaluates the branch condition using status flags from the ALU
and the branch selection signal. The operating principle of this component is detailed in

the next section.

How all instructions in the RV32I base instruction set are processed in the functional
unit is shown in Table 3.11. This table summarizes which subunit each instruction uses

and the operation performed.

Table 3.11: RV32I instruction functional unit usage.

Instruction ALU Operation Function Block
ADD/ADDI/LUI G=A+B ADD ALU
LB/LH/LW/LBU/LHU G=A+B ADD ALU
SB/SH/SW G=A+B ADD ALU
JAL/JALR/AUIPC G=A+B ADD ALU
SUB G=A-B SUB ALU
BEQ/BNE/BLT/BGE G=A-B SUB ALU
SLT/SLTI G =sign(A-B) SLT ALU
SLTU/SLTIU G = usign(A) < usign(B) SLTU ALU
BLTU/BGEU G = usign(A) < usign(B) SLTU ALU
XOR/XORI G=A®B XOR ALU
OR/ORI G=A|B OR ALU
AND/ANDI G=A&B AND ALU
SLL/SLLI G =A << B[4:0] SLL Shifter
SRL/SRLI G=A >> B[4:0] SRL Shifter
SRA/SRAI G =A >>> B[4:0] SRA Shifter

3.5.2 Branch resolution

Branch resolution encompasses the calculation of actual results of branch instructions
and comparison with predictions. This process is the critical point where the correctness

of speculative execution is verified.
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The branch controller determines the branch decision based on a three-bit selection
signal and ALU status flags. Equality branch (BEQ) branches when the zero flag is
active, while inequality branch (BNE) branches when the zero flag is inactive. Less-than
branches (BLT/BLTU) branch when the negative flag is active, and greater-than-or-equal
branches (BGE/BGEU) branch when the negative flag is inactive. For unconditional
Jjump (JAL) and indirect jump (JALR) instructions, the branch condition is always

evaluated as taken. These conditions are summarized in Table 3.12.

Table 3.12: Branch selection signals and branch decisions.

Instruction sel[2] sel[1] sel[0] Decision
No Branch 0 0 X 0
BEQ 0 1 0 Z
BNE 0 1 1 ~Z
BLT/BLTU 1 0 0 N
BGE/BGEU 1 0 1 ~N
JAL 1 1 0
JALR 1 1 1

It is noteworthy that signed (BLT/BGE) and unsigned (BLTU/BGEU) branch
instructions share the same selection values. The reason for this is that the ALU already
produces the negative and zero flags considering unsigned arithmetic in unsigned
comparison operations (SLTU). Therefore, the branch controller does not need to

separately check carry or overflow flags.

Misprediction detection is performed by comparing the actual branch result with the
predicted result. For conditional branch instructions, the actual direction (taken or
not taken) is compared with the predicted direction. For indirect jump instructions
(JALR), the calculated target address is compared with the predicted target address. The
reason for special handling of JALR instructions is that these instructions require not
only direction but also target address prediction. The calculated target address is the

four-byte aligned sum of the first source operand and the immediate value.

When misprediction is detected, as illustrated in Figure 3.12, the correct program
counter value must be calculated. For indirect jump instructions, the correct program
counter is the calculated target address. For conditional branch instructions, the situation

is handled in two ways: if the prediction was taken but actually not taken, the correct
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address is the current program counter plus four; if the prediction was not taken but

actually taken, the correct address is the current program counter plus the branch offset.

IHispredicﬁun Detect

Calculated Branch Result

Predicied Branch Rezult

Misprediction
Calculated Mext PC Value

oL

Predicted Mext PC Value

JALR Instruction

Figure 3.12: Misprediction detection mechanism.

3.5.3 Result selection

The execute stage produces different results for different instruction types, and these

results are broadcast over the common data bus.

For arithmetic and logical instructions, the result is the ALU computation result. For
load and store instructions, the result is the memory address calculation; this value is
forwarded to the load store queue. For unconditional jump (JAL) and indirect jump
(JALR) instructions, the result is the return address and is calculated as the current
program counter plus four. For conditional branch instructions, the result always returns
as zero, but in case of misprediction detection, the misprediction flag is activated and

the correct address is forwarded to previous stages.

Result selection is performed through a multiplexer based on control signals. The
selected result is written to the common data bus along with the target physical register
address and other control information. The structure of the common data bus and the

broadcast mechanism are detailed in Section 3.4.3.

3.6 Memory Stage

The memory stage is the pipeline stage where load and store operations are managed.

Maintaining memory operation consistency and correctly managing dependencies in
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an out-of-order execution environment is critically important. Store operations must
appear in program order, a load may depend on a previous store, and speculative store

operations must be able to be rolled back in case of misprediction.

In the performance analyses presented in Chapter 5, memory operations were observed
to be the mechanism that most reduces IPC value after misprediction. For this
reason, unnecessary complexity was avoided when designing the memory stage, but
performance optimizations were not forgone. In the designed system, the Load Store
Queue (LSQ) enables out-of-order execution of memory operations while maintaining

consistency.

3.6.1 Load store queue structure

The LSQ is implemented as a 32 entry circular buffer. In a three-way superscalar
processor, three memory instructions can be allocated per cycle. For memory operations
of these instructions to be performed at the same throughput, the LSQ operates with
three independent memory ports. Otherwise, the number of memory lanes becomes a

bottleneck limiting IPC.

A head pointer exists corresponding to each memory port. These three head pointers
monitor different entries in the LSQ simultaneously and each determines which entry

will be processed by its memory port. The structure of the LSQ is shown in Figure 3.13.

LSQ Entry 0 L5Q Entry 1 L5Q Entry 2 L5Q Entry 2 L5Q Entry 20 LSQ Entry 21
Valid Valid Valid Valid Valid Valid
Store/Load StorefLoad Store/Load StorefLoad Store/Load StorefLoad
ROB ID ROBID ROBID ROBID ROBID ROBID
Address Valid Address Valid Address Valid Address Valid Address Valid Address Valid
Address Address Address Address Address Address
Address Tag Address Tag Address Tag Address Tag Address Tag Address Tag
Data Valid Data Valid Data Valid Data Valid Data Valid Data Valid
Data Data Data Data Tt Data Data
Data Tag Data Tag Data Tag Data Tag Data Tag Data Tag
Size Size Size Size Size Size
Sign/Unsign Sign/Unsign Sign/Unsign Sign/Unsign Sign/Unsign Sign/Unsign
Issued Issued Issued Issued Issued Issued
Head Pointer 1 Head Pointer 2 Head Pointer 0 Tail Pointer
Memory Memory Memory
Interface 1 Interface 2 Interface 0

Figure 3.13: Load store queue circular buffer structure.
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Each LSQ entry contains all information required for execution of the memory operation.

These fields are listed in Table 3.13.

Table 3.13: Load store queue entry fields.

Field Name Size (bits) Description
Valid 1 Is entry valid
Type 1 Store (1) or Load (0)
Physical Register 6 Target ROB ID
Address Valid 1 Is address calculated
Address 32 Calculated memory address
Address Tag 3 Tag of address producer
Data Valid 1 Is store data ready
Data 32 Store data
Data Tag 3 Tag of data producer
Size 2 Byte (00), Halfword (01), Word (10)
Signed Load 1 Signed (1) or unsigned (0)
Sent to Memory 1 Has memory request been made
Memory Completed 1 Has memory response been received

When a memory operation completes, the relevant head pointer is updated. Each head
pointer is shifted to the oldest incomplete entry, also considering the positions of the
other two head pointers. For example, if three head pointers are pointing to indices
5, 7, and 9 respectively, when the operation in entry 5 completes, this head pointer is
moved to entry 10 (one after the newest pointer). This mechanism guarantees that head
pointers always point to different entries and will give priority to all entries according to
allocation order. However, if an operation with priority does not block other operations,
operations can run out of order despite being allocated later; this situation accelerates

memory operations.

3.6.2 LSQ operations

LSQ entries are allocated for load and store instructions coming from the decode stage.
During allocation, the validity flag is activated, operation type and physical register
address are recorded, address validity is reset, and size and signed load information are
stored. For store instructions, data may or may not be ready; if not ready, the data tag is

recorded and set to wait from the common data bus. Since address information will be
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calculated at the earliest in the next clock cycle, address information is also expected to

come from the common data bus.

When the execute stage calculates the address, the result is broadcast over the common
data bus. The LSQ monitors all 6 common data bus channels. Address update is
performed in parallel across all LSQ entries: for each entry, the target register address
on the common data bus is compared with the entry’s physical register address; in case

of a match, address validity is activated and the calculated address is stored.

For store operations, data update is also performed in the same parallel structure. Data
tags of all store entries are compared in parallel with common data bus channels; in

case of a match, data validity is activated and data is stored.

When an operation pointed to by any head pointer is ready and there is no incomplete
store operation ahead that would block it, the operation can be sent to the relevant
memory port. For load operations, the entry must be valid and address must be
calculated. For store operations, additionally data must be ready and permission must

have been received from the reorder buffer.

The store permission mechanism is explained in Section 3.4.2.2. Briefly, the ROB
indicates that a store operation with a particular physical register address is safe. The
LSQ compares this address with its own entries and can send the matching store
operation to memory. This mechanism allows only store operations guaranteed to

commit to modify memory.

3.6.3 Store-to-load forwarding

The LSQ can forward store data to a load without going to memory. This mechanism

significantly improves performance by bypassing memory latency.

The forwarding decision is made based on the relationship between operations at the
three head pointers. A load operation can receive data from a store operation that
comes before it in program order and writes to the same address. For forwarding, four
conditions must be satisfied: the load must come after the store (checked with age
comparison), the store’s address and data must be ready, addresses must match, and the

store size must be equal to or greater than the load size.
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The necessity of size checking arises from the requirement that the store must contain
all bytes that the load needs. For example, forwarding from a 4-byte store to a one-byte
load is possible. However, forwarding from a 1-byte store to a 4-byte load is not possible

because the store does not contain all bytes that the load needs.

If forwarding is not possible but a potential dependency exists, the load is stalled. Stall

conditions and forwarding rules are summarized in Table 3.14.

Table 3.14: Store-to-load forwarding and stall rules.

Address Match Size Sufficient Data Ready Decision
None - - Read from memory
Yes Yes Yes Forward
Yes Yes No Stall
Yes No - Stall

Performing forwarding checks across all LSQ entries would incur high area cost because
it would require many comparators. For this reason, forwarding checks are performed
only between entries pointed to by the three head pointers, as shown in Figure 3.14.
Each load operation at a head checks the store operations at the other two heads. Age
comparison is done with distance values calculated from LSQ pointers; the newest store
with a matching address is prioritized and selected as the forwarding source in case of
address match. This approach keeps the complexity of forwarding logic at an acceptable

level.

3.6.4 Eager misprediction flush

In case of misprediction, speculative load and store entries are flushed. The flush
mechanism in the LSQ works similarly to the mechanism in reservation stations but

involves additional complexity.

Each LSQ entry’s physical register field also carries the corresponding reorder buffer
index. Using this index, the distance from the reorder buffer’s head pointer is calculated
for each entry. Distance calculation is performed considering the circular buffer

structure.

The misprediction signal and the distance of the mispredicted instruction are received

from the reorder buffer. The distance of each LSQ entry is compared with the distance of
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Figure 3.14: Store-to-load forwarding logic.

the mispredicted instruction. Entries with greater distance came after the mispredicted

branch and must be flushed.

The flush operation is performed in parallel across all entries in the same cycle. A
comparator circuit exists for each entry and the result is fed to a priority encoder. The
priority encoder finds the index of the first (oldest) entry that must be flushed. The
LSQ tail pointer is updated to this index, logically invalidating speculative entries. The
synthesis results presented in Chapter 5 show that this parallel comparison structure

forms the critical path.

All three head pointers must also be updated. If a head pointer remains in the flushed
region, this head pointer is also moved to the new LSQ tail position. This check is

performed considering the wrap-around situation of the circular buffer.

3.6.5 Memory interface

The LSQ supports three independent memory ports, as illustrated in Figure 3.15. Each

port can independently send memory requests and receive responses.
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Figure 3.15: LSQ and memory interface.

Request signals for each port include validity signal, write/read selection, memory
address, write data, and byte enable signals. Response signals include ready signal,

response validity, and read data.

The byte enable signal specifies which bytes will be affected for different-sized
operations. For byte operations, a single bit positioned according to address, for

halfword operations 2 bits, and for word operations 4 bits are enabled.

Load data is processed according to size and signed load information from the memory
response. For byte operations, the relevant byte is extracted from the 4-byte data
coming from memory and filling with the seventh bit is performed for signed loads. For
halfword operations, two bytes are extracted and filling with the fifteenth bit is applied.

For word operations, data is used directly.

3.7 Writeback Stage

The writeback stage is the final stage of out-of-order execution and ensures that
instructions are committed in program order. During the commit operation, the results
of instructions at the head of the ROB are reflected to architectural state and relevant

resources are made available for reuse.

3.7.1 Commit operation

Commit is the processing of instructions at the head of the ROB in program order. Each

clock cycle, up to 3 instructions at the head of the ROB are evaluated for commit.
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For an instruction to be committed, it must have been executed. This condition is
verified by checking the executed flag in the ROB entry. For load operations, the data
must have been received from memory; for store operations, dispatch permission to the

LSQ must have been granted.

In 3-way commit, there is a chained dependency, as illustrated in Figure 3.16. For
the first instruction to be committed, it is sufficient that it has been executed. The
second instruction is evaluated only if the first instruction will be committed. The third
instruction is evaluated only if both the first and second instructions will be committed.

This chained structure guarantees preservation of program order.

ROE Entry X

Executed
Exception —\—b
Head PTR 0 . Commit 0 Valid
Head 0 & Tail
—_—
Result Data PTR Check AND >
Tag
Logical Address

Is Store

ROB Entry X#1

Commit 1 Valid
>
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Head PTR 1 Excaption PTR Check
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Logical Address
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»  AND
ROB Entry X+2 Head 2 & Tail
—>
PTR Check
Executed
Head PTR 2 Exception Tail FTR
—_—> Result Data

Tag
Logical Address
Is Store

Figure 3.16: In-order commit process.

Each cycle, the number of committed instructions is calculated and the ROB head
pointer is advanced by this amount. For example, if all 3 instructions are committed,

the head pointer is incremented by 3.

3.7.2 Register alias table update

During commit, the RAT is updated. This update ensures that the mapping is updated

to point to the register file instead of the reorder buffer.

The update condition is important: the update is performed if the current mapping of the

architectural register in the RAT points to the ROB index of the committed instruction.
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This check ensures that if there is a newer instruction writing to the same architectural

register, the older instruction does not perform the update.

For example, consider 2 instructions writing to architectural register x5: the first
instruction is allocated to ROB[3], and the second instruction to ROB[7]. When the first
instruction is committed, the RAT[x5] value is checked. If RAT[x5] still points to 3, x5
is updated to its original position in the register file (0,5). However, if RAT[x5] now

points to 7 (since the second instruction was allocated), the update is not performed.

This mechanism ensures correct management of successive writes to the same

architectural register.

3.7.3 Free list update

During commit, used ROB entry addresses are returned to the free list. The free list is
maintained in a circular buffer structure and provides available ROB addresses for new

instructions.

Each commit signal is connected to a write port of the free list. When commit is
valid, the relevant ROB index is added to the free list. With 3 parallel write ports, 3
addresses can be freed each cycle. There is no actual write operation here; as a result
of this operation, only the pointer value of the circular buffer holding the free list is

incremented.

In case of misprediction, the free list pointer is also updated. It is set to the
mispredicted branch’s ROB index plus one, automatically reclaiming speculatively

allocated addresses.

3.7.4 Memory operations commit

For memory operations, commit includes store permission and LSQ address release.

The store permission mechanism is detailed in Section 3.6.2. The ROB produces a
permission signal and the permitted store address for the store operation at its head.
The LSQ uses this information to write only store operations guaranteed to commit to

memory. Before granting store permission, the branch status of previous instructions
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is checked; if there is a branch instruction before the store operation, this branch

instruction must have been executed and not mispredicted.

LSQ address release is performed during commit. Although the LSQ works out of order,
release is done in order. The reason for this is that LSQ address allocation is done with
a circular buffer; since allocation is in order, release must also be in order. The LSQ
quickly resolves data dependencies by working out of order, while the release operation
is left to the ROB to ensure ordering. When a memory instruction is committed, the
ROB produces an LSQ commit signal. This signal is conveyed both to the LSQ and to
the LSQ free address circular buffer within the RAT.

3.7.5 Pipeline flush

The in-order commit structure allows for future addition of exception and interrupt
handling. In the current design, only branch misprediction detection and pipeline flush

operations are implemented.

Pipeline flush is performed when misprediction is detected, as shown in Figure 3.17.
Flush signals are sent simultaneously to all pipeline stages. Speculative entries are
invalidated by setting the ROB’s tail pointer to one after the mispredicted branch. All
speculative entries in reservation stations and LSQ are flushed.
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Figure 3.17: Pipeline flush mechanism.
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RAT state is restored by loading the correct register mapping snapshot from RAT
checkpoint. This mechanism is explained in Section 3.3.3. The program counter is set

to the correct address and a redirect signal is sent to the instruction fetch stage.

3.7.6 Commit signals

ROB commit output signals provide state updates to other modules. Signals produced

in parallel for 3 instructions each cycle are listed in Table 3.15.

Table 3.15: Commit output signals.

Signal Target Description
commit_valid RAT Instruction committed
commit_addr RAT Architectural register address

commit_rob_idx RAT Committed ROB index
Isq_commit_valid LSQ, RAT LSQ commit signal
commit_is_branch Branch predictor Prediction update
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4. ON-DEMAND REDUNDANCY TECHNIQUE

This chapter discusses in detail the on-demand redundancy technique applied to the
designed superscalar RISC-V processor. First, the importance of fault tolerance and
limitations of existing methods are explained, followed by the contributions of the
designed processor in this field. This work constitutes the implementation of the

research direction proposed in a previously published literature survey [7].

4.1 Motivation

The reliability of modern electronic systems, especially in critical applications such
as space, aviation, and automotive, is directly related to minimizing the effects of
faults. In these fields, faults originating from environmental factors can threaten system
stability. In such applications, fault tolerance has become an indispensable requirement

for ensuring both system reliability and user safety [2].

As explained in Section 2.3, transient faults (SEU, MBU) and permanent faults require
different protection methods. Spatial redundancy (TMR, DCLS/TCLS), temporal
redundancy, and information redundancy (ECC) are fundamental approaches developed
for this purpose. In this chapter, the limitations of existing methods are analyzed and

how the designed processor provides solutions to these limitations is explained.

4.2 Limitations of Existing Methods

4.2.1 Disadvantages of dual and triple-core lockstep

Core-level lockstep (DCLS/TCLS) methods have various limitations in practical

applications:

e Late fault detection: DCLS and TCLS can only detect faults at the core output. This

situation can cause the fault to propagate within the pipeline and affect multiple
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stages before detection. As mentioned in Dorflinger’s work, detectors located at

deeper levels of the pipeline can catch faults much earlier [4].

e High recovery latency and fault penalty: Core-level comparison waits for all pipeline

stages to complete. This situation increases recovery latency and fault penalty.

e Performance loss: The TCLS method requires 3 cores to execute the same instruction,
so only one-third of the potential processing power can be utilized. This resource

waste continues even under normal conditions.

e Fixed mode operation: Traditional DCLS/TCLS implementations cannot switch

between performance and security.

4.2.2 Advantages of pipeline-level protection

As demonstrated in the DuckCore architecture developed by Li et al., pipeline-level

fault detection offers significant advantages [20]:

e Early detection: Faults can be detected at the stage where they occur and their

propagation can be prevented.
e Low latency: Checks performed at each stage do not require waiting for core output.

e Targeted correction: Since which stage the fault occurred in is known, the correction

mechanism can work more effectively.

In Dorflinger’s work, it was shown that Deep Level Detectors reduced the average
detection latency of transient logic faults by up to 79% [4]. This result proves the

practical effectiveness of pipeline-level protection.

4.2.3 Need for on-demand modular redundancy

The on-demand modular redundancy (ODMR) approach developed by Rogenmoser et
al. provides a solution to the above limitations [5]. In this approach, the system can

operate:

e In full redundancy (TMR) mode during critical tasks,
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¢ In independent operation mode under normal conditions.

The Trikarenos project is a concrete implementation of this flexible structure. This
microcontroller, manufactured with TSMC 28nm technology, achieves energy savings or

performance gains by switching to full redundancy mode only during critical tasks [21].

4.3 Triple Modular Redundancy Suitability of Three-Way Superscalar Design

One of the most fundamental features of the designed processor is its superscalar
architecture with 3 parallel execution channels. This design decision was made

considering both performance and fault tolerance goals.

Reasons for selecting three-way design:

1. Natural compatibility with TMR: Three channels directly correspond to the TMR
structure. When each channel is considered as a module, the existing hardware

infrastructure can be reused for redundancy purposes.

2. Performance and cost balance: In normal operation, 3 instructions can be processed

in parallel (IPC=3); in secure mode, the same hardware is used for fault masking.

3. Minimal overhead: No additional hardware is required except for voter circuits
needed for TMR. The existing superscalar infrastructure is used for both performance

and security purposes.

The designed processor supports 3 different operating modes as shown in Table 4.1.

Table 4.1: Processor operating modes.

Mode Channels = TMR IPC Description

Superscalar 3 independent Off 3 Three channels process different instruc-
tions in parallel

Secure 3 locked On 1 Three channels process the same instruc-
tion, results are voted
Low Power 1 active Off 1 Other channels are disabled for energy
savings
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4.4 Contributions of the Design

In the existing literature, designs implementing intra-core protection at pipeline level
like DuckCore [20], designs implementing ODMR at core level like Trikarenos [21],
and high-performance open-source RISC-V cores like BOOM [23] exist separately.

However, combining these approaches has not been previously realized.

The processor designed in this thesis presents the following novel contributions:

4.4.1 Combination of pipeline-level triple modular redundancy with on-demand

modular redundancy

The designed processor combines both pipeline-level fault detection and ODMR
support in a single architecture. This combination provides intra-core protection with

mode-switching capability in a single design.

4.4.2 Low-latency mode transition

Pipeline-level TMR implementation enables minimization of inter-mode transition

latency. For transition:

e Pipeline flushing is not required.
e Core state synchronization is not required.

e Only activation of voter circuits is sufficient.

This feature enables fast mode changes according to application needs.

4.4.3 Early fault detection

Unlike core-level DCLS/TCLS, the designed processor can detect faults at every stage

of the pipeline. This enables:

e Prevention of fault propagation.
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e Minimization of detection latency.

e Shortening of recovery time.

4.4.4 Adaptive mode transition infrastructure

The designed architecture is planned to support automatic mode transition in the future.
Although this feature has not yet been implemented, the infrastructure is designed to

support the following scenario:

1. While the processor is operating in superscalar mode, some voters monitor

mismatches.

2. When mismatches above a certain threshold are detected, the system can

automatically switch to secure mode.

3. When radiation risk decreases, the system can return to superscalar mode.

This approach has the potential to provide adaptive fault tolerance without requiring

external intervention.

4.5 Triple Modular Redundancy Implementation

4.5.1 Majority voter

The majority voter, the fundamental component of TMR, selects the value that at least

2 of 3 inputs produce as output [6]. Mathematically:

Output = (A-B) + (B-C) + (A-C). @.1)

In this equation, A, B, and C represent the outputs of 3 modules, the multiplication

operation represents logical AND, and the addition operation represents logical OR.

The voter module used in the design has the following features:

e Parametric data width: Can be used with different widths from 1 bit to 32 bits.
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e Bypass mode: When secure mode is off, the primary input is directly transferred to

the output.
e Error reporting: Which input is in the minority is detected and reported.

e Critical error flag: A warning is generated when all 3 inputs are different.

4.5.2 Protected structures

In the design, all pipeline registers are protected with TMR, excluding large memory
structures (ROB, LSQ, RAT, and register file data fields). These large structures are

assumed to be ECC protected as discussed in Section 4.6.

Three copies are maintained for each protected structure and majority voting is
performed for every read operation, as shown in Figure 4.1. In write operations,

all 3 copies are updated with the same value.
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Figure 4.1: TMR register recovery mechanism: comparison and correction with
majority voting.

4.6 Error Correction Code Assumption for Large Memory Structures

Applying TMR to large memory structures incurs 200% area cost. ECC provides a

much more efficient alternative for these structures.

As Dorflinger pointed out, using ECC instead of full data replicas for memories
significantly reduces resource usage [4]. In Annink’s work, it was stated that adding
ECC reduced achievable frequency by 20% and area overhead was 33.7% [3]. These

values are acceptable compared to TMR’s 200% area overhead.
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In the design, the following large memory structures are assumed to be ECC protected:

Reorder buffer (ROB) data fields

Reservation stations (RS) data fields

Load-store queue (LSQ) data fields

Register file

It was decided to keep ECC implementation outside the scope of this thesis and is

recommended as an important research topic for future work.

4.7 Critical Fault Recovery with Register Alias Table Checkpoint

The RAT checkpoint explained in Section 3.3.3 is designed for fast recovery in case
of branch misprediction. However, this structure can also be used for recovery from
critical faults in secure mode. This approach constitutes a concrete example of reusing

existing hardware infrastructure for fault tolerance purposes.

4.7.1 Dual use of checkpoints

The RAT checkpoint takes a checkpoint for every branch instruction in normal mode.
However, in secure mode, faults can originate not only from mispredictions but also

from radiation effects such as SEU and MBU.

The RAT checkpoint requires more area compared to other eager misprediction
recovery methods. However, the ability to use the same structure for recovery from
radiation-induced faults justifies this additional area cost. Both branch speculation and

fault tolerance are provided with a single hardware structure.

4.7.2 Secure mode checkpoint strategy

In normal mode, snapshots are taken only for branch and jump instructions. In secure
mode, the proposed approach is to take a snapshot for every instruction. Thanks to this

strategy:
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e When a critical fault is detected in any instruction, it is possible to return to the

appropriate state stored in RAT checkpoint.
e Recovery latency is minimized because the most recent snapshot is always available.

e The same mechanism used for misprediction recovery is used.

4.7.3 Critical fault detection mechanism and proposed recovery flow

While the processor is operating in secure mode, the TMR mechanism can mask
single-bit faults. However, faults affecting multiple bits or corrupting related signals
can cause all 3 copies to produce different values. This situation is classified as a “fatal

error”’ that cannot be corrected by TMR.

In the design, TMR modules distributed across different stages of the pipeline generate
a signal when they detect a fatal error. In the current design, this signal enables the
error to be reported and serves as a trigger for the proposed recovery mechanism. The

proposed recovery flow is designed as follows:

1. Fatal error detection: A TMR module at any stage detects that all 3 copies are

different and activates the fatal error signal.

2. Identification of relevant instruction: The physical register address assigned to the

faulty instruction is used to access the relevant snapshot in the RAT checkpoint.

3. Restoration from snapshot: The register alias table snapshot and program counter

value are retrieved from the RAT checkpoint.

4. Pipeline flush: All speculative instructions processed after the faulty instruction are

flushed.

5. Restart: The program counter is set to the faulty instruction’s address and the

instruction is re-fetched from memory.

The central controller for autonomous operation of this mechanism has been
implemented. The fatal error handler module detects critical faults and initiates

automatic recovery using the RAT checkpoint mechanism.

66



4.8 Summary

This chapter presented the on-demand redundancy technique applied to the designed

superscalar RISC-V processor. The main contributions of the design are:

1. Reuse of 3-way superscalar architecture for TMR: The existing hardware
infrastructure can be used for both performance and security purposes with minimal

overhead.

2. Combination of pipeline-level protection with ODMR: Early fault detection
advantages and flexible mode-switching capabilities are combined in a single

architecture.

3. Low-latency mode transition: Pipeline-level implementation enables inter-mode

transitions to be performed with minimum latency.

4. Critical fault recovery with RAT checkpoint: The RAT checkpoint structure designed
for misprediction recovery is also used for recovery from radiation-induced critical

faults. Dual functionality is provided with a single hardware structure.

5. Dynamic mode transition infrastructure: Architectural infrastructure supporting

automatic fault detection and mode transition in the future has been prepared.

This approach implements the idea of “combining a superscalar core with pipeline-level
ODMR” proposed in the literature. As a result, a flexible processor architecture has been
achieved that provides fault tolerance in critical tasks while offering full superscalar

performance under normal conditions.
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5. VERIFICATION AND RESULTS

This chapter presents the comprehensive verification process, performance analysis,
fault injection tests, and physical implementation results of the designed 3-way

superscalar out-of-order execution RISC-V processor.

Within the scope of functional verification, extensive random tests were performed to
stress different parts of the processor, consisting of 9 different random test scenarios
generated with the Google RISC-V DV framework and a deterministic test program
containing 8 different algorithms. All tests were verified by cycle-by-cycle comparison

with the Berkeley Spike reference model.

In performance evaluation, comparative IPC analyses were performed with the
single-way (scalar) version of the processor; the effects of pipeline bottlenecks, branch
prediction performance, and memory access latencies on performance were examined

using statistical methods.

Within the scope of reliability verification, fault injection tests were applied to critical
registers protected by TMR, and a 100% masking rate against single-bit faults was

achieved.

Finally, the design was synthesized in TSMC 16nm FinFET technology using Cadence

tools and physical design results were reported.

5.1 Verification Methodology

Verification of superscalar processor designs requires a significantly more complex
process compared to single-way designs. Many critical functions must be tested
together, such as fetching, decoding, and executing multiple instructions simultaneously;
dynamically managing data dependencies; and the correctness of speculative execution

and recovery mechanisms in case of misprediction. In this work, a comprehensive
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verification strategy was followed, using both random test programs and deterministic

algorithm-based test programs.

5.1.1 Simulation environment and tools

A commercial simulation tool was used for functional verification of the design. A
specialized tracing infrastructure was developed to monitor and record processor

behavior during simulation.

In the verification environment, the processor core is tested within a specially designed
test environment. The test environment includes a multi-port memory subsystem
designed to meet the parallel access requirements of the superscalar architecture. A
5-port SRAM model is used for instruction memory, and this structure supports 5-way
instruction fetch operations. On the data memory side, a 3-port structure was preferred,
enabling 3 independent load or store operations to be performed in the same cycle.
Memory access operations are managed through the Wishbone protocol. Special adapter
modules are positioned between the processor core and memory modules, and these

adapters convert the core’s simplified memory interface to Wishbone signals.

The developed tracing infrastructure records every instruction exiting from the
processor’s 3-way commit stage. For each completed instruction, the program counter
value, instruction code, destination register address with the written value, and in case
of memory write operations, address and data information are recorded. These records
are used for comparison with the reference model. The tracing module listens to 3
separate commit channels from the processor core and records completed instructions

in program order.

The memory models used exhibit ideal behavior and provide single-cycle access latency.
This approach enables the functional correctness of the processor microarchitecture to

be tested independently of cache or DRAM latencies.

The Spike instruction set simulator, developed by UC Berkeley and accepted as the
official reference implementation of the RISC-V instruction set architecture, was used

as the reference model [9]. Spike is a golden model that fully defines the behavior of
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RISC-V instructions. The designed processor and Spike execute the same test programs,

and the trace records produced by both sides are compared line by line.

5.1.2 Test programs and coverage

Two different categories of test programs were used in the verification process. The first
category is random instruction sequences generated using a constraint-based random
test generation framework. The second category is deterministic C programs specially

developed to represent real algorithmic workloads.

5.1.2.1 Constraint-based random test programs

Random test programs were generated using the RISC-V DV verification framework
developed by Google and provided as open source [8]. This framework has the capability
to create directed instruction streams targeting specific microarchitectural scenarios.

Nine different test configurations were prepared to stress different processor subsystems.

Table 5.1 summarizes the random test programs used, the microarchitectural components

each targets, and the number of instructions generated.

Random test programs cover the majority of the processor’s basic functional blocks.
Complex scenarios critical for a superscalar architecture, such as data dependencies
(RAW, WAW, WAR) and back-to-back branching, have been stressed through these
random flows. Test coverage has been brought to a sufficient level to demonstrate the
behavior of pipeline resources (ROB, RS, LSQ) at boundary values and the correctness

of recovery mechanisms after speculative execution.

5.1.2.2 Algorithm-based deterministic test programs

In addition to random test programs, complex algorithmic C programs modeling real
application scenarios were also developed. These programs were compiled using the

RISC-V GCC compiler and executed on the processor.

The most comprehensive test program generates a large number of instructions. This

program contains a collection of fundamental algorithms from computer science and
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Table 5.1: Constraint-based random test programs.

Test Program

Instr.

Targeted Scenario and Description

Basic Arithmetic

Complex Arithmetic

Basic Branching

Loop and Branching

Complex Branching

Basic Memory

Complex Memory

Simple Mixed Test

Mixed Test

30,000

10,000

30,000

10,000

30,000

10,000

10,000

30,000

30,000

Contains only arithmetic and logical in-
structions with branch and memory access
instructions disabled. ALU performance
and data dependency resolution are tested.

Special instruction streams containing
boundary value cases of integer arithmetic
(overflow, underflow, maximum and
minimum values) are used.

Random instruction sequences containing
conditional branch and unconditional
jump instructions are generated. Basic
correctness of the branch prediction
mechanism is tested.

Instruction streams containing loop struc-
tures with boundary value arithmetic are
generated. Loop-based branch prediction
patterns are tested.

Instruction streams containing intensive
loop structures, boundary value arithmetic,
and nested branch patterns together are
used. The branch prediction update
mechanism is stressed.

With branch instructions disabled, random
memory access patterns containing only
load and store instructions are generated.
The LSQ is tested.

Intensive memory operations including
page boundary crossings, memory region
stress tests, and multi-page access patterns
are performed.

A basic combination test containing loop
structures, jump instructions, and random
memory accesses together is applied.

A comprehensive stress test covering
boundary value arithmetic, loops, jumps,
random memory accesses, and multi-page
operations is performed.
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tests the processor’s behavior under different computation patterns, memory access

patterns, and control flow structures.

The algorithms included in the program and the processor characteristics they target at

the microarchitectural level are shown in Table 5.2:

Table 5.2: Algorithm-based deterministic test programs.

Algorithm Group

Targeted Processor Characteristic

Dijkstra and Topologi-
cal Sort

0/1 Knapsack and Edit
Distance

Heap Sort

KMP String Matching

Sieve of Eratosthenes
and Prime Factors

Matrix Exponentiation
(Fibonacci)

Bit Manipulation and
XOR Linear Basis

Intensive memory access and irregular branch patterns
with LSQ and branch predictor loading.

Matrix-based data access and sequential data depen-
dency chains with RS and CDB usage.

Intensive repetition of comparison and swap opera-
tions with speculative execution performance.

Loop-based character comparisons and frequent
branch operations.

Intensive arithmetic operation capacity and ALU unit
stress testing.

Recursive structures and intensive register usage with
Rename/Physical Register File management.

Complex logical operation sequences and data path
integrity.

Minimax (Tic-Tac-Toe) Deep recursive function calls (call/return) with RAS

performance.

These algorithms exhibit different computational characteristics. Graph algorithms
contain intensive memory access and irregular branch patterns, while dynamic
programming algorithms create matrix-based access patterns and intensive dependency
chains. Sorting algorithms require intensive repetition of comparison and swap

operations, while text processing algorithms contain loop-based character comparisons.

5.2 Functional Verification Results

All test programs were run comparatively with the Spike reference model and
results were analyzed. Extensive constraint-based random tests and algorithm-based
deterministic tests were executed. Since random tests generate different instruction

sequences on each run, the effective coverage is significantly higher than any fixed
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instruction count. In both test categories, the designed out-of-order execution processor

achieved full cycle-by-cycle compliance with the Spike reference model.

Verification results demonstrate that the designed processor implements the RV321
instruction set architecture functionally completely and correctly. The completion order
of each test instruction, calculated result values, and memory write operations exactly

match the reference model.

Ensuring functional correctness demonstrates that the fundamental mechanisms of
the out-of-order execution structure are working correctly. These mechanisms are:
resolving data dependencies through register renaming, preserving architectural state
during speculative execution, returning to the correct recovery point in case of branch

misprediction, and completing load-store operations without violating memory ordering.

5.3 Performance Analysis

To evaluate the efficiency of the processor’s superscalar architecture, the average number
of instructions executed per cycle (IPC) and performance bottlenecks in the pipeline
were analyzed under different workloads. The developed test environment has the

capability to simultaneously report processor performance parameters during simulation.

5.3.1 Instructions per cycle comparison and speedup ratios

To quantify the performance improvement provided by the designed 3-way superscalar
processor, comparative tests were conducted with the single-way (scalar) version of
the same architecture. To observe the behavior of the architecture under synthetic
stress tests, the results of random tests generated with the RISC-V DV framework are

summarized in Table 5.3.

When random test results are examined, it can be seen that the processor achieves a quite
high theoretical efficiency of 97% by reaching 2.90 IPC in arithmetic-heavy workloads.
However, decreases in IPC values were observed in branch and memory-intensive
scenarios. The main reason for this decrease is the difference in branch predictor

performance. The absence of any statistical pattern or cyclic structure in randomly
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Table 5.3: IPC comparison under random test scenarios.
Test Scenario 1-Way IPC 3-Way IPC Speedup Factor

Basic Arithmetic 1.00 2.90 2.90x
Complex Arithmetic 1.00 2.80 2.80x
Basic Branching 0.80 1.59 1.99x
Loop and Branching 0.93 2.23 2.40x
Complex Branching 0.94 2.33 2.48x
Basic Memory 0.95 1.87 1.97x
Complex Memory 0.76 1.47 1.93x
Simple Mixed Test 0.83 1.54 1.85x
Mixed Test 0.85 1.65 1.94x

generated instruction sequences has led to the branch predictor exhibiting low success

in the 32-43% band.

The average performance metrics obtained on the deterministic algorithm set defined in

Section 5.1.2 are presented in Table 5.4.

Table 5.4: Comparison of 1-way and 3-way configurations under deterministic tests.

Architecture Total Cycles Average IPC
1-Way (Scalar) 70,550 0.84
3-Way (Superscalar) 34,580 1.71

According to the results obtained in deterministic tests, approximately 2.04x speedup
was achieved compared to the scalar core thanks to the 3-way parallel execution structure.
The increase in average IPC value from 0.84 to 1.71 proves that the superscalar
architecture efficiently utilizes instruction-level parallelism (ILP). In deterministic
algorithm tests (representing real-world workloads), the branch predictor achieved
prediction accuracy above 80%, demonstrating that the branch predictor provides high

efficiency in real applications.

5.3.2 Pipeline stall and bottleneck analysis

To identify the factors limiting processor performance (bottlenecks) at the
microarchitectural level, stalls occurring at each stage of the pipeline were examined
in detail. Within this analysis, the reasons why reservation stations (RS) cannot feed

execution units are addressed in two main categories:
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e Not occupied: Covers cases where the reservation station is empty. This situation

can arise from 3 different scenarios:

— Branch misprediction penalty: The pipeline has been flushed after
misprediction and correct instructions have not yet reached the reservation

station.

— Instruction buffer empty: New instruction flow has been interrupted due to the

instruction buffer being emptied without branch misprediction.

— Previous stage bottleneck: Although there are instructions waiting in the
instruction buffer, new instructions cannot be dispatched due to fill rates of

structures such as reorder buffer (ROB) or load-store queue (LSQ).

e Operands not ready: Although the reservation station has an instruction, one or more
of the instruction’s source operands have not yet been calculated, so it cannot be sent

to the execution unit.

A specialized graphical user interface (GUI) was developed to visualize these bottleneck
analyses. This interface interprets performance records generated during simulation
and presents critical data such as IPC change graph, stall distribution percentages, and

branch prediction performance for live or post-simulation analysis.

Figure 5.1 shows the hierarchical stall analysis screen of the developed performance
monitoring interface. In this screen, stall reasons for each reservation station (RSO,
RS1, RS2) are presented according to the categories explained above. Thanks to the

hierarchical structure, sub-reasons of each category can also be examined in detail.

Figure 5.2 presents the detailing of previous stage bottlenecks called “Previous Stage
Bottleneck.” This analysis reveals why the dispatch stage is stalling. The ROB fill rate
remaining at a low level of 2.6% indicates that the reorder buffer has sufficient capacity

for current workloads. LSQ fill rates also run at similarly low levels.

Figure 5.3 shows the change in instruction mix over time. The number of instructions
completed (commit), misprediction count, and memory operation count per 100 cycles

are monitored. Sudden drops in commit rate indicate periods of intensive branch
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Figure 5.1: Reservation station stall analysis.

Figure 5.2: Previous stage bottleneck details.

misprediction or memory latency. This graph is critically important for understanding

how the processor responds to different workload characteristics.

Instruction Mix Over Time

Branches [T] Mispredicts [] LoadStores

Figure 5.3: Instructions completed, mispredictions, and memory operation counts per
100 cycles.

Figure 5.4 shows how operand dependency stalls accumulate cumulatively for each
reservation station. RS2 having the highest wait time reveals that instructions assigned
to this station contain longer data dependency chains. This situation indicates that the
types of instructions assigned to RS2 (e.g., memory operations or complex arithmetic

operations) inherently contain more dependencies.
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Figure 5.4: Cumulative wait cycles for each reservation station.

Figure 5.5 reveals one of the most critical performance findings: the vast majority
of reservation station idle time (Not Occupied) originates from branch misprediction
penalty. As simulation progresses, this ratio rises above 80%. This result proves that
under current workloads, processor performance is predominantly determined by branch
predictor accuracy. Branch predictor improvements stand out as the most effective

optimization area that will directly translate to IPC increase.

Misprediction Penalty Trend

1 RS0 Misprediction % RS1 Misprediction % [[__] RS2 Misprediction %

Cycle

Figure 5.5: Branch misprediction penalty percentage for reservation station idle time.

This developed tool has enabled rapid identification of bottlenecks in optimization work

on the architecture and direct observation of the effects of changes made on the system.
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5.3.3 Correlation analysis and performance prediction

A statistical analysis method was followed to understand the relationships between
factors affecting processor performance. Using the Pearson correlation coefficient
on data obtained from simulations, the correlation between IPC value and branch

misprediction and memory operations was calculated.

In performance analysis, correlation values are obtained with the following approach:

e Pearson correlation: Measures the direct linear relationship between IPC and a

specific metric (e.g., memory access).

e Partial correlation: Isolates the pure effect of another factor (e.g., memory latency)
on performance by holding constant the effect of one factor (e.g., branch prediction

error).

As a result of the statistical analyses performed, it was confirmed that the most
fundamental performance constraint of the superscalar architecture is branch prediction
errors. Pearson correlation revealed a strong negative relationship at the level of —0.74

between branch misprediction rate and IPC in the 3-way structure.

A more notable finding was obtained from partial correlation analysis; the pure
performance effect of memory operations, when branch prediction errors are removed,
1s —0.21 in the scalar core while rising to —0.80 level in the superscalar core. This
situation shows that as the architecture expands, the effect of the memory system on
performance (memory wall problem) becomes much more prominent and that after

branch predictor improvements, memory latencies will become the main bottleneck.

5.4 Fault Injection and Reliability Verification

A specialized reliability analysis process was executed to verify the effectiveness of
the hardware redundancy mechanisms explained in Chapter 4. The resistance of the
design to physical faults was measured with fault injection tests performed at the

microarchitectural level.
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5.4.1 Fault injection mechanism

A specialized fault injection module was integrated into the design to verify the
effectiveness of the hardware redundancy infrastructure. Preferred over commercial
safety simulation tools due to license restrictions, this module has the capability to

simulate transient hardware faults at the simulation level.

The developed fault injection mechanism has the following features:

Target scope: Except for memory structures assumed to be protected by ECC, all

control and data registers in the design can be subjected to fault injection.

e Fault model: The injected fault is instantaneously placed in the target register but
is designed not to prevent normal write operations to this register at the next clock

edge. This behavior reflects real transient fault characteristics.

e Fault types: The module has the capacity to generate both single-bit errors and
multi-bit errors. Additionally, the maximum number of multi-bit errors that can

occur in one cycle is also configurable.

e Fault rate control: The number of faults to be injected every thousand clock cycles

can be set as a simulation parameter.

A fault injected into an unprotected register will remain in the register until the next
write operation, and if a fault also occurs in one of the other replicas in the same TMR
group during this period, the voting mechanism will fail, leading to a fatal error. All
protected registers in the designed processor are configured to eliminate injected faults

with TMR voting results within one clock cycle.

5.4.2 Fault injection test results

Fault injection tests were performed to observe the effects of both single-bit (SEU) and

multi-bit (MBU) faults on the system.

In single-bit fault tests, simulations were performed with varying fault densities,

including scenarios where SEU events occur at every clock cycle. In both scenarios,
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the processor successfully masked all injected single-bit faults through the TMR
voting mechanism while maintaining functional correctness. No incompatibility was
detected in comparisons made with the Spike reference model, and program flow
was completed without interruption. A particularly notable point is that even under
intensive fault injection, the processor maintained the IPC value of the single-way

(1-way) configuration without experiencing performance loss.

In tests for multi-bit faults (MBU), both detection and recovery capabilities were verified.
It should be noted that TMR cannot detect all multi-bit faults: if the same bit is corrupted
in two of the 3 replicas, the TMR voter will incorrectly accept the faulty value as correct.
The mitigation strategy for this scenario is addressed through physical design measures

discussed in Section 5.6.1.

In the test environment, such correlated faults were prevented, and under these
conditions, all multi-bit faults were successfully detected. Faults that could not be
resolved by TMR voting were rapidly recovered using the checkpoint and rollback

mechanism through the RAT checkpoint structure.

5.5 Logic Synthesis Results

The design was synthesized in industrial production technology using the Cadence
Genus 23.11 logic synthesis tool. The low-threshold voltage (LVT) cell library of the
TSMC 16nm FinFET process was selected as the target technology.

The synthesis process was performed for typical operating conditions (TT corner) at
0.8V supply voltage and 25°C temperature values. A 1 ns clock period was specified as

the timing constraint, corresponding to a 1 GHz operating frequency.

Timing results obtained from logic synthesis show that the specified 1 GHz target
frequency is met. Table 5.5 summarizes the basic metrics obtained at the synthesis

stage.

The critical path identified at the synthesis stage occurs on the signal path extending
from the load-store queue (LSQ) head pointer in the dispatch stage to the RAT snapshot

memory within the RAT checkpoint. The total combinational delay of this path was
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Table 5.5: Logic synthesis results.

Metric Value
Target Technology TSMC 16nm FinFET LVT
Operating Conditions TT, 0.8V, 25°C
Target Clock Period 1 ns (1 GHz)
Total Cell Count 141,868
Worst-Case Slack Value 0 ps (timing met)
Total Power Consumption 150.4 mW

measured as 937 ps, with the remaining 63 ps allocated for setup time and timing

uncertainty.

Power analysis performed at the synthesis stage reveals total power consumption under

random test activity assumption. Table 5.6 shows the distribution of power components.

Table 5.6: Synthesis stage power distribution.

Power Category Value (mW) Ratio
Internal Power 87.3 58.0%
Switching Power 63.0 41.9%
Leakage Power 0.2 0.1%
Total Power Consumption 150.4 100%

When power distribution is analyzed, it can be seen that internal power is the dominant
component. This situation reflects the density of sequential elements (flip-flops) within
the processor. In the superscalar structure, structures such as the register file, reorder
buffer, branch prediction history table, and load-store queue contain significant amounts

of sequential elements.

5.6 Physical Design Results

The logic synthesis output was processed through the Place and Route stage using
the Cadence Innovus 22.31 physical design tool. Clock tree synthesis, placement

optimization, and signal routing were performed during the physical design process.

Figure 5.6 presents the physical view of the design after the placement stage. On the
chip area of approximately 400 um x 400 um, the placement of basic functional units

(fetch, issue, RAT checkpoint, etc.) and the areas they occupy can be seen.
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Figure 5.6: Physical layout view of processor core.

Figure 5.7 shows the complexity after signal routing is completed and the density
of metal layers. At this stage, all signal nets and connections of the design were

implemented in accordance with the specified geometric design rules (DRC).

Figure 5.7: Connection density and metal layers after signal routing.

Post-physical design timing analysis reveals different results compared to logic synthesis
due to calculation of actual wire delays. Table 5.7 summarizes the physical design

results.

The main reason for the increase in cell count compared to logic synthesis at the
physical design stage is buffer cells added for timing optimization and clock buffers

placed during clock tree synthesis.
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Table 5.7: Physical design results.

Metric Value
Total Cell Count 146,500
Worst-Case Slack Value -106 ps
Achievable Operating Frequency ~900 MHz
Total Power Consumption 131.6 mW

The critical path after physical design was identified on the signal path extending from
the head pointer within the RAT checkpoint to the LSQ head pointer in the dispatch
stage. As a result of physical design, the 1 GHz target frequency was not achieved, and

a 106 ps timing violation occurred on the critical path.

This result shows that the design cannot fully meet the 1 GHz target frequency but
can safely operate at approximately 900 MHz. To eliminate the timing violation,
restructuring the combinational logic on the critical path or applying more aggressive
synthesis constraints can be considered. Post-physical design power analysis shows
lower total power consumption compared to the logic synthesis stage. This difference
arises from placement optimization providing shorter wire lengths and consequently

reduced capacitive load. Table 5.8 shows post-physical design power distribution.

Table 5.8: Physical design stage power distribution (1 GHz, 0.8V).

Power Category Value (mW) Ratio
Internal Power 78.3 59.5%
Switching Power 53.1 40.3%
Leakage Power 0.24 0.2%
Total Power Consumption 131.6 100%

These power analysis results are based on the design tool’s default 20% switching
activity assumption. For more accurate power estimates, switching activity information
obtained from real workloads value change dump (VCD) file needs to be fed to the

power analysis tool.

5.6.1 Redundant register placement strategy

As noted in the multi-bit fault testing section, TMR cannot detect faults when the same
bit is corrupted in two or more replicas. Research has shown that a single charged
particle striking silicon can affect multiple circuits, and this effect area is significantly

larger for particles arriving at oblique angles [31]. Therefore, replica registers must be
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placed far apart from each other; otherwise, all replicas can be corrupted identically by

a single particle strike despite being separate registers.

The designed processor contains 342 separate TMR groups. Each group consists of 3
replica elements that must be placed at a sufficient distance from each other. A target

separation distance of 15 um was established.

Three different approaches were attempted to achieve this placement:

1. Pre-PNR triangular placement: TMR elements were placed in a triangular pattern
before the PNR process began. However, this approach failed to achieve the target

frequency.

2. Post-PNR displacement: After complete PNR, replica registers were shifted from
their original positions by specified amounts. This method resulted in routing

failures.

3. Post-placement pre-routing displacement: Replica registers were displaced
immediately after the placement phase but before routing began. This approach

produced successful results.

Figure 5.8 shows the TMR-protected register placements before and after this

optimization. The reduction in placement density and increased separation between

replicas is clearly visible.

Figure 5.8: TMR-protected register placement: (left) before optimization, (right) after
optimization.
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Figure 5.9 presents the distance distribution between TMR replicas before and
after optimization. The inter-replica distance increased from the 1-2 pum range to

approximately 15 um.

Stage 1: Pre-Fix Analysis (All Spacings)

= = Target (15.0 um]}

38
3 8
Il Il

Frequency

100 +

e T

0 2ID 40 60 80
Stage 2: Post-Fix / Pre-Route Analysis

600 - = = Target (15.0 um)

500 +
400 +

300 A

Frequency

200 +

100 +

Iy~ rr T rrrer—r P

H

14 15 l|6 1|? 18 19 20 21
Stage 3: Post-Route Final State

500 A
— = Target (15.0 um)

400 A

300 ~

Frequency

200

100 +

—————————————q-

= ) S N

U
12 14 16 18 20
Spacing (um)

Figure 5.9: Distance distribution between TMR register replicas.

This optimization significantly reduces the probability of correlated faults affecting
multiple replicas simultaneously. However, the optimization comes with costs in area,

performance, and power:

e Area: Core dimensions increased from 400 x 400 um to 450 x 450 um.

86



e Performance: Worst negative slack (WNS) increased from -106 ps to -146 ps,

reducing the achievable frequency to approximately 870 MHz.

e Power: Total power consumption increased from 131 mW to 140 mW.

5.7 Critical Path Analysis and Evaluation

In both design stages, the critical path occurs in signal transmission between
fundamental components of the speculative execution infrastructure. Table 5.9 compares

the critical paths in synthesis and physical design stages.

Table 5.9: Critical path comparison.

Stage Critical Path Description Delay  Slack

Logic Synthesis From LSQ head pointer to 937 ps 0 ps
RAT checkpoint snapshot

Physical Design From RAT checkpoint head 1054 ps -106 ps
pointer to LSQ head pointer

Physical Design with Same path with increased wire 1146 ps -146 ps
TMR Placement lengths

It is not coincidental that the critical path occurs within the speculative execution
mechanism in both stages. In out-of-order execution architectures, all critical pointers
must be updated in a single cycle for rapid restoration of processor state in case of
branch misprediction. This requirement creates extensive combinational connections

between the load-store queue, reorder buffer, and branch recovery structure.

5.8 Discussion

The verification and implementation results presented in this work enable evaluation
of the designed 3-way superscalar RISC-V processor in terms of both functional

correctness and physical implementability.

From a functional verification perspective, comprehensive test coverage including both
random and deterministic test programs was achieved. Full compliance of all tests with
the Spike reference model verifies that the processor implements the RV32I instruction

set architecture completely. Especially the successful completion of complex algorithm
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tests demonstrates that speculative execution and recovery mechanisms work correctly

under different computation patterns.

Logic synthesis results reveal that 1 GHz frequency is achievable using approximately
142,000 cells in 16nm FinFET technology. However, at the physical design stage, with
actual wire delays taken into account, a 106 ps timing violation occurs, bringing the
achievable frequency to approximately 900 MHz level. After applying the TMR register
placement optimization for improved fault tolerance, the timing violation increases to

146 ps, reducing the achievable frequency to approximately 870 MHz.

In terms of power consumption, the 131.6 mW value obtained after physical
design should be evaluated. With the TMR register placement optimization, power
consumption increases to 140 mW. For comparison purposes, Berkeley’s single-way
in-order Rocket core shows 0.034 mW/MHz dynamic power consumption in TSMC
40nm technology [32]. While direct comparison cannot be made considering the
technology difference, the designed processor’s 3-way parallel execution capacity,
speculative execution infrastructure, and reordering mechanisms can be evaluated as

the main sources of power increase.
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6. CONCLUSIONS AND RECOMMENDATIONS

This chapter summarizes the results of the thesis, evaluates the findings obtained, and

presents recommendations for future work.

6.1 Summary of the Work

In this thesis, a fault-tolerant superscalar out-of-order execution RISC-V processor was
designed and implemented. The designed processor offers high performance through
its three-way superscalar structure while providing flexible fault tolerance with the

on-demand modular redundancy (ODMR) approach.

The processor supports the RV32I base instruction set and is designed as a modern
adaptation of the Tomasulo algorithm. With its six-stage pipeline structure, speculative
execution, and dynamic scheduling features, it efficiently utilizes instruction-level
parallelism. In secure mode, the three parallel execution channels form a TMR structure,

masking single-bit faults.

6.2 Obtained Results

The comprehensive verification and physical design work performed demonstrates that
the processor produces successful results in terms of both functional correctness and

physical implementability.

6.2.1 Functional verification

The processor was comprehensively verified using the Google RISC-V DV framework
and Berkeley Spike reference model. Both random and deterministic test programs were
successfully completed, and all test results showed full compliance with the reference
model. These results verify that the RV32I instruction set architecture is implemented

completely, while also demonstrating that all targeted architectural decisions such as
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superscalar out-of-order execution structure, eager misprediction recovery, dynamic

scheduling, and speculative execution have been successfully applied.

6.2.2 Performance analysis

The superscalar architecture provides the expected performance gains. A maximum
IPC value of 2.90 was achieved in random test scenarios, corresponding to 97% of the
theoretical maximum. In deterministic algorithm tests, an average IPC of 1.71 was

obtained.

When speedup ratios are examined, a maximum speedup of 2.90x was observed in
arithmetic-heavy workloads, and a minimum speedup of 1.85x in mixed workloads.
In deterministic tests, the three-way structure provided an average speedup of 2.04x

compared to the single-way structure.

Although the branch predictor was kept in a simple structure, it achieved prediction

accuracy above 80% in deterministic tests representing real-world workloads.

6.2.3 Fault tolerance

Fault injection tests verified the effectiveness of TMR protection. Except for large
memory structures assumed to be protected by ECC, all single-bit faults (SEU) injected
into registers protected by TMR were successfully masked. For multi-bit faults (MBU),
when correlated faults affecting multiple replicas identically were prevented through
physical design measures, a 100% detection rate was achieved, preventing silent data

corruption.

6.2.4 Physical implementation

Logic synthesis results show that approximately 142,000 cells are used in TSMC
16nm FinFET technology and 1 GHz frequency is achievable. At the physical design
stage, when actual wire delays were taken into account, a timing violation of 106 ps
occurred, bringing the achievable frequency to approximately 900 MHz. After applying
TMR register placement optimization for improved fault tolerance, the timing violation

increased to 146 ps, reducing the achievable frequency to approximately 870 MHz.
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Under the assumption of 20% switching activity, total power consumption increased

from 131.6 mW to 140 mW.

6.3 Contributions of the Thesis

This thesis presents the following novel contributions:

1. A three-way superscalar architecture design suitable for ODMR was implemented.
In normal operation, three channels can reach high IPC values by processing
independent instructions in parallel; in secure mode, the same three channels form

the TMR structure.

2. Spatial redundancy was applied at the pipeline level. Unlike core-level lockstep
methods, TMR protection was implemented inside the pipeline, and additional area

cost remained limited only to voter circuits.

3. Low-latency mode transition was provided. The application of redundancy at
the pipeline level does not require pipeline flushing or state synchronization for

inter-mode transitions.

4. Dual-purpose use of the RAT checkpoint structure was proposed. This structure,
designed for branch misprediction recovery, provides the infrastructure that can also

be used for recovery from radiation-induced critical faults.

6.4 Limitations

This work has some limitations:

1. The 1 GHz target frequency was not fully achieved after physical design. A timing
violation of 106 ps occurred on the critical path, which increased to 146 ps after

TMR register placement optimization.

2. Memory integration was performed using ideal models. Integration of real SRAM

macros will bring additional delay and area cost.

3. ECC protection is assumed for large memory structures, but the physical

implementation of ECC is outside the scope of this work.
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4. Only the RV32I base instruction set is supported. —However, the current
microarchitecture is designed to support multi-cycle operations, and integration
of multiplication, division, and floating-point extensions can be performed with

relatively low complexity.

6.5 Future Works

This work can be extended in the following directions:

1. Implementation of ECC protection and integration into the register file and reorder

buffer.

2. Implementation of automatic mode switching from performance mode to secure

mode upon fault detection.

3. Extension of application scope by adding RV32M (multiplication/division) and

RV32F (floating-point) extensions.
4. Design of cache hierarchy and realistic modeling of memory access latencies.

5. Critical path optimization or addition of additional pipeline stages to eliminate timing

violation.
6. Expansion to multi-core structure and inter-core ODMR grouping.
7. Real-time verification and performance measurement on FPGA prototype.
In conclusion, this thesis presents a novel RISC-V processor architecture that combines
superscalar out-of-order execution capacity with intra-core fault tolerance. Thanks to
the ODMR approach, a dynamic balance can be established between performance and

reliability, providing a flexible solution for applications requiring high reliability such

as space, aviation, and automotive.
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