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Ⅰ. Introduction

The wireless communication technologies have

evolved continuously, leading to increasingly complex

and diverse communication standards. Following the

advances in communication standards, the latency and

energy constraints of the communication systems have

also been strictly limited, requiring highly efficient

implementation of the baseband systems. To meet

those constraints, the physical (PHY) layer of base-

band systems has been implemented using applica-

tion-specific integrated circuits (ASICs), leading to

minimal latency and maximal energy efficiency of the

baseband systems. However, the inherent fixed struc-

ture of ASICs also makes them impossible to accom-

modate diverse configurations or adapt to evolving

standards without costly hardware redesigns.

To overcome these fundamental limitations, the

software-defined radio (SDR) architecture has re-

cently been considered for substituting the conven-

tional ASIC-based baseband systems[1-3]. SDR archi-

tecture can implement most functions of the PHY lay-

er on a general-purpose processor, allowing designers

to reprogram the functions for different wireless con-

figurations or communication standards. Key advan-

tages of SDR architecture include the ability to dy-

namically switch between multiple configurations,

support rapid prototyping of new types of waveforms,

and facilitate over-the-air updates to enhance system

capabilities. Moreover, recent advancements in semi-

conductor manufacturing processes and software opti-

mization techniques have empowered recent general-

purpose processors to achieve performance levels pre-

viously only attainable by dedicated hardware.

While many researches have investigated the sol-

ution for SDR architectures on general-purpose pro-
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cessors, these studies have relied on conventional x86

or ARM-based architectures[4,5]. Since these archi-

tectures have closed-nature instruction-set archi-

tectures (ISAs) and fixed hardware structures, it is

hard to further optimize the SDR architecture by in-

troducing dedicated instructions or customized hard-

ware acceleration systems tailored to the computa-

tional patterns of wireless workloads. Recently, the

RISC-V architecture has been emerging as a com-

parable alternative to the customized processor archi-

tecture[6]. As a free, open-source, and extensible ISA,

the RISC-V architecture enables researchers and de-

velopers to co-design hardware and software, espe-

cially meaningful for designing high-performance

SDR architectures. Moreover, by adopting the stand-

ardized RISC-V vector extension, it is possible to im-

plement the large-sized matrix-level operations, man-

datory for PHY layer functions like multiple-input

multiple-output (MIMO) precoders and combiners,

with a highly efficient architecture.

In this paper, we analyze the performance of the

SDR architecture with the RISC-V vector architecture.

For this, we designed the vector-extended RISC-V

core architecture by extending the open-source

RISC-V core architecture[6]. According to the RISC-V

vector-level ISA specification, dedicated vector arith-

metic operators and data management units are care-

fully implemented. Moreover, a dedicated kernel for

the matrix-level operations is designed based on the

vector-level instructions, efficiently supporting the de-

signed vector-extended RISC-V core architecture. To

evaluate the performance of the PHY layer functions

on SDR architecture, maximum-ratio transmitter

(MRT) algorithm under various MIMO configurations

is designed and simulated using the previously built

RISC-V core architecture as well as the optimized

computing kernel.

Ⅱ. Backgrounds

2.1 RISC-V Architecture
RISC-V architecture is an open-source ISA, which

can be freely used by academia and industry. It is

composed of a small base integer ISA and several ex-

tension ISAs, offering a flexible core architecture by

implementing only the required instructions for the

target algorithms or systems. Due to its modularity,

RISC-V architectures are adopted to various types of

systems ranging from resource-constrained edge-level

systems[7] to the high-performance server-scale com-

puting systems[8]. Among its many optional ex-

tensions, the vector extension is particularly sig-

nificant for high-performance computing tasks. It pro-

vides a simple yet powerful framework for data-paral-

lel processing, where a single vector-level instruction

can operate on multiple data elements simultaneously.

Therefore, the practical benefit of the vector extension

becomes clear when dealing with algorithms that rely

heavily on matrix and vector operations, which are

fundamental for recent wireless communication

systems. For example, multiplying two large matrices

can be dramatically accelerated by executing an entire

row-column multiplication in a highly parallel fashion

using a few vector-level instructions. This allows a

general-purpose RISC-V core to execute these com-

pute-intensive algorithms with a comparable effi-

ciency to the specialized accelerator designs, offering

a flexible but powerful computing system.

Another strong feature of the RISC-V vector ex-

tension is that it supports various vector-level config-

uration instructions, which enable the software to dy-

namically re-configure the hardware at runtime.

Unlike traditional single-instruction multiple-data

(SIMD) engines with fixed capabilities, therefore, the

RISC-V architecture can effectively turn the vec-

tor-level operator into a software-reconfigurable

accelerator. More precisely, the program can re-

configure the hardware with different lengths of vec-

tor-level operations, size of element, or logical length

of vector operand, giving adaptability to various types

of computing tasks. This feature particularly fits for

the SDR architecture targeting the wireless communi-

cation systems, which require various types of com-

puting tasks such as matrix-level multiplication, fast

Fourier transform, vector-level permutation, or gath-

er-scatter operations.
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2.2 System Model
We consider a downlink N × K multi-user MIMO

(MU-MIMO) system, where a base station (BS)

equipped with N antennas serves K single-antenna

users simultaneously. By representing the channel

from the BS to k-th user by hk
H ∈ C1×N , the downlink

received signal at the k-th user yk can be formulated

as follows:

(1)

where sk, wk, and nk are information symbol, corre-

sponding precoding vector, and noise signal for k-th

user, respectively. The received signal at each user

is a superposition of its desired signal, interference

from signals intended for other users, and noise. We

assume the additive white Gaussian noise (AWGN)

for the noise signal of each user.

In MU-MIMO systems, the BS typically has more

antennas than the number of users it serves (N > K),

enabling the BS to have spatial degrees of freedom.

To leverage these extra degrees of freedom, it is re-

quired to carefully design the precoding vector, wk.

The precoding vectors control how signals are trans-

mitted in space, allowing the BS to achieve specific

objectives like maximizing signal power or mitigating

interferences. The MRT is one of the popular linear

precoding techniques, where the BS designs a precod-

ing vector for each user to maximize the power of

the desired signal at that user. By assuming that the

BS has full channel state information, e.g., the BS

perfectly knows hk for every user, it can be achieved

by aligning the transmitted signal with the user’s

channel characteristic. More precisely, the MRT pre-

coding vector for user k can be obtained as a conjugate

transpose of its channel vector as follows:

(2)

where it is normalized to satisfy the power constraint.

Although the MRT cannot actively cancel the inter-

user interference, it is already known that the MRT

can achieve good performance for massive MIMO

configuration (N ≫ K) by exploiting channel harden-

ing effects. From the obtained precoding vectors, the

transmitted signal from the BS is the superposition

of all individually precoded data streams, which can

be expressed as a matrix-vector multiplication. By de-

fining a precoding matrix and

a symbol vector the final trans-

mitted signal can be expressed as follows:

(3)

As a result, data transmission sequence with the MRT

can be performed by computing the vector norm, scal-

ing the vector with the vector norm, and performing

matrix-vector multiplication. The performance of the

BS is therefore highly dependent on the efficiency of

these computing steps. In this paper, we implement

the MRT precoding function and analyze the perform-

ance of the SDR architecture with the RISC-V

architecture.

Ⅲ. Software-Defined Precoder Design with 
RISC-V Vector Architecture

3.1 Software Design
To efficiently implement vector-level computing

operations used in the MRT precoding function, we

carefully designed the optimized computing kernel for

the RISC-V architecture along with the vector

extension. For given channel vectors, the L2-norm of

each channel vector can be obtained with the ele-

ment-wise vector-vector multiplication instruction and

the vector reduction instruction, followed by the

square-root operation. Then, the reciprocal of the

L2-norm is computed by the division instruction,

which is utilized as a scaling factor for satisfying the

power constraint. By scaling the channel vector with

the vector-scalar multiplication instruction, the MRT

precoding vector can be obtained. As described in (3),

the final transmitted signal can be obtained by ma-

trix-vector multiplication using the computed precod-
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ing vectors and the corresponding information

symbols. By grouping the precoding vectors into a

single precoding matrix, it can be accomplished by

performing multiple vector-level multiplication proc-

esses between the row vectors of the precoding matrix

and the column vector with the information symbols.

Therefore, we designed the matrix-vector multi-

plication kernel with multiple pairs of the elementwise

vector-vector multiplication instruction and the vector

reduction instruction. Fig. 1 shows the example of the

matrix-vector multiplication kernel for the N × K
MU-MIMO configuration. Note that the size of each

vector-level instruction can be easily configured with

the vector-level configuration instructions, supporting

various MIMO configurations at the software level.

For the multiplication between the matrix A and col-

umn vector b, output vector c = Ab is obtained by

iteratively performing vector-vector inner product be-

tween each row vector of A and b.

Moreover, overall processing efficiency can be fur-

ther enhanced by reusing the row vectors of the pre-

coding matrix. Considering that the channel matrix

would be consistent during the channel coherence

time, the same precoding matrix can also be utilized

multiple times to serve the same users. Therefore, if

the SDR architecture serves M consecutive in-

formation symbol vectors for the same users, the cor-

responding M transmitted signals can be obtained as

a matrix-matrix multiplication process as follows:

(4)

Since the RISC-V vector extension supports 32

vector-level registers, row vectors of the precoding

matrix can be loaded into the vector-level registers

and reused for different information symbol vectors,

largely enhancing the processing efficiency and

throughput of the SDR architecture.

3.2 Hardware Design
To efficiently realize the MRT precoding function

on the RISC-V architecture, we designed a vector-

extended RISC-V core architecture by extending the

open-source element-level RISC-V core archi-

tecture[9]. In contrast to a conventional element-level

core architecture that processes data on an

item-by-item basis, the vector-extended RISC-V core

is designed for high-throughput data parallelism, proc-

essing multiple elements simultaneously with vec-

tor-level operations. To achieve this, as illustrated in

Fig. 2, three key vector-level hardware units have

been added, which are the vector-level arithmetic unit

(VALU), the vector-level data management unit

(VDMU), and the vector register file (VRF).

The VALU includes 16 arithmetic and logical units

(ALUs) and floating-point units (FPUs) to support the

data-parallel vector-level arithmetic instructions. Each

ALU and FPU supports up to 32-bit data bitwidth,

capable of processing up to 512-bit vector for each

vector-level arithmetic instruction. The VALU is im-

plemented by extending the execution stage of the pre-

vious core architecture; therefore, every vector-level

arithmetic instruction is assumed to be executed inFig. 1. Example of matrix multiplication kernel with
RISC-V vector-level instructions.
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a single-cycle latency. By utilizing the parallel compu-

tational units in the VALU, it is possible to manipulate

multiple elements with a single vector-level arithmetic

instruction. The VDMU handles vector-level memory

load and store instructions, which are designed to fa-

cilitate data transfers between main memory and the

VRF. When the vector-level load or store instruction

is executed, the VDMU transfers the vector with a

burst transaction, where it iteratively invokes ele-

ment-level operations to load or store the vector. The

loaded vectors are stored in the VRF, which imple-

ments 32 vector registers to temporarily store vectors

used for vector-level arithmetic instructions. Similar

to the conventional element-level register file, the

VRF is a group of multiple registers, where each vec-

tor register has 512-bit vector length to align with the

implementation of VALU. These three vector-level

units work closely together to execute vector-level in-

structions, allowing the SDR architecture to achieve

high throughput comparable to dedicated hardware

while retaining the programmability.

Ⅳ. Performance Analysis

In this section, we analyze and compare the per-

formance of the MRT precoding function with the

SDR architecture. It is assumed that the BS already

has the channel matrix with full channel state in-

formation in the main memory; then, the BS performs

the MRT precoding function using the obtained chan-

nel matrix. Under this assumption, the performance

of the BS for performing the MRT precoding function

is carefully analyzed. Table 1 shows the performance

comparison of SDR architectures with the conven-

tional element-level RISC-V core architecture and the

vector-extended RISC-V core architectures as well as

the corresponding software-level computing kernels.

Note that the downlink throughput is not directly re-

lated to the sum data-rate, but it depends on the ability

to how many information symbols can be processed

in a given time. For the 128 × 16 MU-MIMO config-

uration and the 64-QAM modulation, the required

processing latency, the downlink BS throughput, and

the required program size are compared. With the con-

ventional element-level RISC-V core architecture, the

SDR architecture requires 27.4 us of processing

latency. By implementing the vector-extended

RISC-V core architecture, the processing latency can

be reduced to 5.98 us by utilizing the data-parallel

vector-level instructions, resulting in only 21.8 % of

processing latency compared with the conventional

SDR architecture. In terms of downlink BS through-

put, the vector-extended SDR architecture can achieve

16.1 Mbps of throughput, which is 4.6 times higher

than the conventional SDR architecture with 3.50

Mbps of throughput. Moreover, the vector-level in-

struction can handle multiple data elements with a sin-

gle instruction, reducing the required program size to

perform the MRT precoding function to 78.3 % of

the total program size compared with the previous ele-

ment-level operation.

Fig. 3 illustrates the required processing latency of

SDR architectures with different MIMO

configurations. We analyzed the performance for a to-

tal of eight different MIMO configurations, consider-

ing four different numbers of users, i.e., K = 8, 16,

24, 32, and two different numbers of BS antennas,

Fig. 2. Block diagram of the vector-extended RISC-V
core architecture.

Type Latency Throughput Program size

Element-level 27.4 us 3.50 Mbps 4.38 Kbit

Vector-level 5.98 us 16.1 Mbps 3.43 Kbit

Ratio 21.8 % 460 % 78.3 %

Table 1. Performance comparison of SDR architectures
with different RISC-V core architectures.
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i.e., N =128, 256. As illustrated in Fig. 3, the SDR

architecture with vector-extended RISC-V core archi-

tecture always offers efficient processing compared to

the conventional element-level core architecture re-

gardless of the MIMO configuration. By increasing

the number of users, the required processing latency

of the conventional element-level SDR architecture al-

so increases linearly following the number of required

operations. In contrast, the SDR architecture with vec-

tor-extended RISC-V core architecture can handle

multiple data elements efficiently, largely reducing the

required processing latency. For 256 × 32 MU-MIMO

configuration, the conventional element-level SDR ar-

chitecture consumes 98.8 us of processing latency; 
whereas, the vector-extended SDR architecture only

requires 20.4 us of processing latency, reducing the

required processing latency by 4.8 times. Note that

the vectorextended SDR architecture requires similar

processing latency for 8 users and 16 users.

Considering that the size of each vector in the vec-

tor-level operation depends on the number of users,

the size of VALU determines the processing latency

of the vector-level operations. Since the VALU imple-

ments 16 processing elements, the vector-extended

SDR architecture can perform vector-level operations

with the same processing latency up to 16 users. If

the number of users exceeds 16, each vector-level op-

eration should be divided into several sub-operations

and finished in multiple processing cycles. Therefore,

as illustrated in Fig. 3, the required processing latency

for 24 users and 32 users is larger than the processing

latency for 16 users.

Fig. 4 depicts downlink BS throughput for different

SDR architectures with different numbers of served

information vectors M. It is assumed that 16 users

are served with 64-QAM modulation. Although in-

creasing the number of served information vectors can

enhance the processing efficiency by transmitting

multiple information symbols with the same precoding

matrix, it still requires multiplication between the pre-

coding matrix and the information vectors. Since the

cost of matrix-level multiplication accounts for the

majority of the total cost, the total throughput of the

conventional element-level SDR architecture remains

similar for different numbers of served information

vectors due to the increased cost for larger ma-

trix-level multiplication. In contrast, the vector-ex-

tended SDR architecture can largely enhance down-

link BS throughput by increasing the number of

served information vectors. Since the vector-extended

RISC-V core architecture can reuse the precoding ma-

trix by storing the precoding vectors in VRF, increas-

ing the number of served information vectors enhan-

ces processing efficiency by maximizing the reuse of

the precoding vectors. As a result, for the 128 × 16

MU-MIMO configuration, the vector-extended SDR

architecture can achieve 64.9 Mbps of downlink BS

throughput by serving 16 information vectors, show-

ing 17.1 times higher throughput compared with the

conventional SDR architecture. Note that it is also

Fig. 3. Required processing latency with the different
MIMO configurations.

Fig. 4. Downlink BS throughput with the different
number of served information vectors.
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possible to implement other essential SDR operations

such as fast Fourier transform (FFT)/inverse FFT

(IFFT), channel coding/decoding, channel estimation,

or symbol detection with the proposed RISC-V

architecture. However, it also requires highly opti-

mized computing kernel considering the algo-

rithm-level characteristics and core architectures,

which are still underexplored and can be great future

work.

Ⅴ. Conclusion

In this paper, we analyzed the performance of the

SDR architecture with the vector-extended RISC-V

core architecture. By extending the open-source

RISC-V core architecture supporting conventional ele-

ment-level ISA, we prototyped the vector-extended

RISC-V core architecture with 16 parallel processing

elements, vector-level data management unit, and vec-

tor-level register file. With the vector-level in-

structions, we also designed the optimized computing

kernel for the MRT precoding function. For 128 ×

16 MU-MIMO configuration with 64-QAM modu-

lation, the simulation results showed that the vec-

tor-extended SDR architecture achieves 4.58 times

lower processing latency and 4.6 times higher BS

downlink throughput. Due to the data reuse capability

of the vector-extended architecture, the processing ef-

ficiency of the vector-extended SDR architecture can

be further enhanced by increasing the number of

served information vectors. As a result, this work suc-

cessfully validated the viability and feasibility of the

SDR architecture with vector-extended RISC-V core

architecture, leading to the powerful but flexible base-

band architecture for the next-generation communica-

tion scenarios.
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