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ABSTRACT This paper proposes and validates a low-complexity FPGA design for symbol-level precoding
(SLP) in multiuser multiple-input single-output (MISO) downlink communication systems. In the optimal
case, the symbol-level precoded transmit signal is obtained as the solution to an optimization problem
tailored for a given set of users’ data symbols. This symbol-by-symbol design, however, imposes excessive
computational complexity on the system. To alleviate this issue, we aim to reduce the per-symbol complexity
of the SLP scheme by developing an approximate yet computationally-efficient closed-form solution. The
proposed solution allows us to achieve a high symbol throughput in real-time implementations. To develop
the FPGA design, we express the proposed solution in an algorithmic way and translate it to hardware
description language (HDL). We then optimize the processing to accelerate the performance and generate
the corresponding intellectual property (IP) core. We provide the synthesis report for the generated IP core,
including performance and resource utilization estimates and interface descriptions. To validate our design,
we simulate an uncoded transmission over a downlink multiuser channel using the LabVIEW software,
where the SLP IP core is implemented as a clock-driven logic (CDL) unit. Our simulation results show
that a throughput of 100 Mega symbols per second per user can be achieved via the proposed SLP design.
We further use the MATLAB software to produce numerical results for the conventional zero-forcing (ZF)
and the optimal SLP techniques as benchmarks for comparison. Thereby, it is shown that the proposed FPGA
implementation of SLP offers an improvement of up to 50 percent in power efficiency compared to the ZF
precoding. Remarkably, it enjoys the same per-symbol complexity order as that of the ZF technique. We also
evaluate the loss of the real-time SLP design, introduced by the algebraic approximations and arithmetic
inaccuracies, with respect to the optimal scheme.

INDEX TERMS Constructive interference, convex optimization, downlink multiuser multiple-input single-
output (MISO) system, field-programmable gate array (FPGA), hardware description language (HDL), non-
negative least squares (NNLS) problem, symbol-level precoding.

I. INTRODUCTION
Co-channel interference is one of the main limiting fac-
tors in wireless multiuser multi-input multi-output (MIMO)
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downlink channels. Multiuser precoding techniques address
this issue by pre-processing and spatially multiplexing the
users’ intended data streams prior to transmission. In case
perfect transmit-side channel state information (CSIT) is
non-causally available, this processing is known to achieve
the sum-rate capacity of the multiuser MIMO downlink
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channel at an impractically high computational complex-
ity [1]. In addition to simple linear precoding schemes such
as maximum ratio transmission (MRT) [2], (regularized)
zero-forcing (ZF) [3], [4], and minimum mean square error
(MMSE) [5], extensive research focusing on practical yet
efficient multiuser precoding has been reported in the liter-
ature; see, e.g., [6]–[11].

The existing multiuser precoding schemes can be broadly
classified into two groups, namely, block-level and symbol-
level techniques. Typically, a block-level precoding design
exploits only the CSIT in order to suppress the co-channel
interference, regardless of the users’ data symbols. However,
it has been shown that co-channel interference might not
always be destructive. In fact, it is possible to exploit the
constructive part of the interference, or even converting the
interfering components into constructive interference (CI) by
exploiting also the users’ data symbols [12]. As a result,
the conventional viewpoint on multiuser precoding can turn
from block-level approaches towards a more sophisticated
design that uses the data symbols in addition to the CSIT,
which is known as symbol-level precoding (SLP) [13], [14].

The symbol-level design of a multiuser precoder can con-
siderably improve the system’s power efficiency. However,
it comes with some practical challenges that need to be
properly addressed. For example, some such challenges are
a substantially increased computational burden at the trans-
mitter, the need for setting themodulation scheme in advance,
sensitivity of the design to CSIT errors, and sub-optimality of
signal-to-interference-plus-noise ratio (SINR) pilots and log-
likelihood ratio (LLR) calculation algorithms; see [15], [16].
Among the challenges mentioned above, we mainly focus on
the high computation cost of SLP, which is primarily due to
the fact that the design needs to be optimized specifically
for every set of users’ symbols. In high-throughput wireless
communication systems, online computation of precoding
may suffer from the high complexity of the symbol-level
design. On the contrary, an offline (codebook design) compu-
tation may lead to an unfavorable computation cost for high-
order modulation schemes, even with a moderate number
of users [17], [18]. Therefore, the considerable performance
gain offered by a symbol-level precoder has been motivating
to find a more computationally efficient solution.

In this line of research, some effort has been made so
far towards deriving low-complexity solutions to the SLP
design problem, e.g., [19]–[23], and accordingly, some other
studies have addressed efficient hardware demonstrations of
these low-complexity SLP techniques, e.g., [24], [25]. In [20],
the authors propose an iterative algorithm with a closed-form
update equation for the SLP problem with a max-min fair
design criterion, where the algorithm is shown to converge to
the optimal solution in a few iterations. In another work [21],
the power minimization SLP is addressed with strict phase
constraints on the received signals. Then, a computationally-
efficient approximate solution is suggested for this particular
case for the phase-shift keying (PSK) modulation scheme.
The authors demonstrated an FPGA-accelerated design of

this computationally efficient solution in [26] and showed
that it can provide a high symbol throughput in a real-time
operation mode. In [22], another closed-form sub-optimal
solution is obtained for the power minimization SLP using
the Karush-Kuhn-Tucker (KKT) optimality conditions. The
proposed solution is essentially based on distance-preserving
CI regions [27], and applies to modulation schemes with any
given constellation shape and order. This solution has been
improved in [23] by considering an additional validation step
in deriving the approximate solution at the cost of slightly
increasing the computational complexity.

In this paper, we focus on the closed-form sub-optimal
solution proposed in [22] obtained for the SNR-constrained
power minimization SLP problem. Accordingly, the main
contributions of this work are as follows:
• We further simplify this solution using some intermedi-
ate approximation steps and derive a new solution which
has lower computational complexity. The approxima-
tions are mainly introduced to reduce the computation
cost of the SLP design. This simplification further facili-
tates the design of a low-complexity algorithm operating
in a real-time mode.

• We show through analytical evaluation of the compu-
tational complexity that the proposed approximate SLP
solution has the same per-symbol complexity order as
that of the conventional ZF precoding.

• To validate our design, we target FPGA implementa-
tion of the proposed SLP algorithm. First, we express
the algorithm in C++ language and then convert it
to hardware description language (HDL). The HDL
implementation enables us to generate the intellectual
property (IP) core targeted for a specific FPGA device.
We analyze and compare two different cases: the orig-
inal non-optimized HDL design and the case where
the processing is optimized through function pipelining,
loop unrolling and array partitioning. This indicates how
optimizing the HDL design can accelerate the perfor-
mance. We also provide the synthesis results for the
generated IP core. In particular, the timing and latency
estimates, the FPGA resource utilization ratios, and the
register-transfer level (RTL) I/O ports specifications are
reported.

• The synthesis and implementation results show that the
proposed FPGAdesign is able to provide a high through-
put of 100 Mega symbols per second per user for a 4×4
system with QPSK signaling. Furthermore, numerical
results are obtained by simulating a multiuser downlink
system in the LabVIEW and MATLAB environments
and applying different precoding techniques. Our results
show that the proposed low-complexity HDL implemen-
tation of the SLP algorithm substantially outperforms
the ZF technique in terms of power efficiency.

Organization: The remainder of this paper is organized as
follows. We describe the considered system and signal model
in Section II. In Section III, we provide an overview on the
power minimization SLP problem with distance-preserving
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CI constraints. We then revisit the sub-optimal closed-form
SLP solution, which is followed by proposing our simplified
SLP design algorithm. In Section IV, we explain the HDL
design and optimization steps for the proposed algorithm and
report some performance estimates for the real-time FPGA
implementation. In Section V, we evaluate our HDL design
by presenting the results of simulation tests. Finally, we con-
clude the paper in Section VI.
Notation:We use uppercase and lowercase bold-faced let-

ters to denote matrices and vectors, respectively. The sets
of real and complex numbers are represented, respectively,
by R and C. For a complex input, (·)∗ denotes the conjugate
operator, and Re(·) and Im(·) respectively denote the real and
the imaginary part. For matrices and vectors, [ · ]T denotes the
transpose operation. For matrices, [ · ]† denotes the pseudo-
inverse of the input matrix. For vectors, ‖ · ‖ stands for
the Euclidean norm. Operator diag(·) represents a diagonal
matrix. We define j ,

√
−1 and use I and 0 to represent,

respectively, the identity matrix and the zero matrix (or the
zero vector, depending on the context) of appropriate dimen-
sion. The probability function and the statistical expectation
are respectively denoted by P{·} and E{·}. The operator ⊗
stands for the Kronecker product.

II. SYSTEM MODEL
We consider the downlink of a single-carrier multiuser
multiple-input single-output (MISO) system where the base
station (BS), which is equipped with an antenna array of
Nt elements, simultaneously communicates to Nu single-
antenna users through multiplexing independent data streams
within the same time-frequency resource block. Let si(t), i =
1, 2, . . . ,Nu, denote the intended discrete-time complex
modulated symbol for the ith user at symbol time t =
0, 1, 2, . . .. We assume that each symbol si(t) is taken from a
finite equiprobable constellation set with unit average power,
i.e., E{si(t)si(t)∗} = 1, where the expectation is taken over t .
For the brevity of notation, we focus on a specific symbol time
and drop the time index t throughout the paper. Furthermore,
for the sake of simplicity and without loss of generality,
we assume that identical modulation schemes are used for all
the users.

To manage the multiuser interference, the BS employs a
non-linear symbol-level precoding scheme that calculates the
transmit signal specifically for any set of input symbols. Let
ū = [u1, . . . , uNt ]

T
∈ CNt×1 denote the precoded transmit

signal to be propagated towards the users. Then, the baseband
representation of the signal received by the user i is given as

ri = hTi u+ zi, i = 1, 2, . . . ,Nu, (1)

where hi ∈ CNt×1 denotes the instantaneous coefficients of
the frequency-flat Rayleigh block fading channel between
the BS’s antennas and the ith user which are distributed as
hi ∼ CN (0, INt ), and zk is the additive circularly symmetric
complex Gaussian noise with distribution zi ∼ CN (0, σ 2

i ).
At the receiver side, the ith user may use the optimal single-
user detector based on a maximum-likelihood (ML) decision

rule to detect its intended symbol si, and therefore, the struc-
ture of the receiver is independent of the precoding design.

The symbol-level precoder calculates the transmit signal u
through solving an objective-oriented optimization problem
on a symbol-by-symbol basis. This nonlinear-precoded signal
is directly designed without computing a precoding matrix,
and therefore may not be uniquely decomposable as a linear
combination of the users’ precoding vectors.

To proceed, it is more convenient to define the following
equivalent real-valued vectors:

u =
[
Re(x)
Im(x)

]
∈ R2Nt×1,

si =
[
Re(si)
Im(si)

]
∈ R2, i = 1, 2, . . . ,Nu,

s =
[
sT1 , s

T
2 , . . . , s

T
Nu

]T
∈ R2Nu×1,

Hi ,

[
Re(hTi ) − Im(hTi )
Im(hTi ) Re(hTi )

]
∈ R2×2Nt , i = 1, 2, . . . ,Nu.

Using the above definitions, the real-valued noise-free signal
received by the ith user can be represented as Hiu.

The convention in designing a symbol-level precoder is
to find the transmit signal such that the noise-free received
signal of each user locates in a specific region, called con-
structive interference (CI) region, that corresponds to the
users’ intended symbols. The CI regions are typically defined
with the aim of improving the symbol detection accuracy
at the receiver side, and hence, are specifically defined for
the modulation scheme in use. Among a variety of defini-
tions, e.g., in [13], [14], [27], we adopt a particular type
of CI regions named distance-preserving CI regions [27],
supporting generic constellation sets of any shape and size.
By definition, any two points belonging to two distinct
distance-preserving CI regions are distanced by at least
the distance between the corresponding constellation points.
Accordingly, the distance-preserving CI region associated
with any constellation symbol is a subset of its ML decision
region.

The above definition for the distance-preserving CI regions
can be expressed in an explicit mathematical form as follows.
For any i ∈ {1, 2, . . . ,Nu}, the noise-free received signalHiu
locates in the distance-preserving CI region of symbol si if
the following equality condition is met:

Ai
(
Hiu− σi

√
γi si

)
= ti, (2)

where γi denotes the target SNR for the ith user, ti ∈ R2 is
a vector of non-negative design variables, and the 2× 2 real-
valued matrix Ai = [ai,1, ai,2]T contains the normal vectors
of the associated ML decision boundaries for symbol si. The
two normal vectors ai,1 and ai,2 can simply be obtained using
the following criteria:

- If si is an outer constellation point, we obtain ai,1 and
ai,2 by subtracting symbol si from its two neighboring
constellation points.

- If si is an inner constellation point, we set ai,1 = 0 and
ai,2 = 0.
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TABLE 1. Normal vectors corresponding to QPSK symbols.

FIGURE 1. Distance-preserving CI regions, depicted as blue areas, for
QPSK constellation.

As an example, in Table 1, we show the normal vectors that
correspond to symbol si taken from a QPSK constellation.
Note that the normal vectors given in Table 1 are normalized
such that they have a unit Euclidean norm. It is further worth
noting that there exist cases in which either ai,1 or ai,2 is set
as 0 while the other is not, for instance, in case si is an outer
but not corner point of a QAM constellation. An illustration
of the distance-preserving CI regions for QPSK constellation
is shown in Fig. 1.The interested readers are referred to [18]
for a detailed discussion on the characteristics of distance-
preserving CI regions.

We refer to the equality condition (2) as the CI constraint
for the ith user. Collecting the CI constraints for all the users,
we can write the stacked CI constraint in a compact form as

A (Hu−60s) = t, (3)

where we have used the following definitions:

A ,


A1 0 · · · 0
0 A2 · · · 0
...

...
. . .

...

0 0 · · · ANu

 ∈ R2Nu×2Nu ,

H ,


H1
H2
...

HNu

 ∈ R2Nu×2Nt ,

t ,


t1
t2
...

tNu

 ∈ R2Nu×1,

6 , diag(σ1 , σ2 , . . . , σNu )⊗ I2 ∈ R2Nu×2Nu ,

0 , diag(
√
γ1 ,
√
γ2 , . . . ,

√
γNu )⊗ I2 ∈ R2Nu×2Nu .

It is shown in [18] that, for any given constellation set,
the sub-matrices {A1, . . . ,ANu} can be formed as non-
singular matrices, and therefore, matrix A is always invert-
ible. As a result, we can rewrite (3) as

Hu = 60s+ A−1t, (4)

where, as a consequence of the block diagonal structure of
matrix A, we have

A−1 ,


A−11 0 · · · 0
0 A−12 · · · 0
...

...
. . .

...

0 0 · · · A−1Nu

 .
The compact CI constraint given in (4) will be used in the
next section to cast the precoding optimization problem.

III. PRECODING DESIGN FORMULATION
We consider an SNR-constrained power minimization design
criterion subject to CI constraints for all the users. Using the
expression for CI constraints in (4), the corresponding design
problem can be written as

min
u,t
‖u‖2

s.t. Hu = 60s+ A−1t, t � 0. (5)

It is straightforward to show that the optimal vector u∗ solving
the optimization problem (5) is given by

u∗ = H†
(
60s+ A−1t∗

)
, (6)

where t∗ is the solution to the following non-negative least
squares (NNLS) problem:

min
t�0

‖H†60s+H†A−1t‖2. (7)

It follows that the precoding design problem of interest can be
tackled through solving the NNLS optimization (7). For sim-
plicity, we denote B , H†A−1 and y , −H†60s; thereby,
the NNLS problem (7) can be rewritten in the standard form
as

min
t�0

‖Bt− y‖2. (8)
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The NNLS problem (8) is not amenable to a closed-form
solution due to the non-negative constraints on t. Vari-
ous iterative algorithms exist to solve an NNLS problem,
such as the well-known Lawson and Hanson method [28],
the fast NNLS algorithm (FNNLS) [29], and those based on
projected/proximal gradient method [30]–[32]. These NNLS
algorithms, in the best-known case, require tens of iterations
to converge. As an illustrative example, using the accelerated
gradient method, which enjoys a superlinear convergence
rate, it takes nearly 100 iterations to have a residual error of
10−3 with respect to the optimum. In a practical application
of symbol-level precoding, this process has to be done either
for every symbol period or every possible symbol set corre-
sponding to Nu users. It is worth noting that there are plenty
of efficient blocks capable of performing many iterations.
For instance, if the processing is sequential, one can use
pipelining, and if not, one can unroll the loops. However,
each of these iterations, which may involve several matrix
inversions and demanding computation steps, requires a total
number of operations that occupy almost all the resources
of modern FPGAs or CPUs/GPUs. As a consequence, no
pipelining/unrolling can be implemented. Therefore, simpli-
fying the design and optimizing the processing is essential
to enable real-time operation of the precoder. In the first
place, this motivates the need for a more computationally-
efficient, though possibly approximate, solution for the pre-
coding design problem.

A. APPROXIMATE SOLUTION
Let t∗ = [t∗1,1, t

∗

1,2, . . . , t
∗

Nu,1
, t∗Nu,2

]T , [t∗1 , t
∗

2 , . . . , t
∗

2Nu
]T

denote the minimizer of the NNLS problem in (8). We refer
to the set of indices n for which t∗n > 0 as the support of
t∗, or the optimal support, denoted by

3∗ = {n : n = 1, 2, . . . , 2Nu, t∗n > 0}. (9)

Given the optimal support 3∗, the minimizer of (7) can be
simply computed by B†

3∗y with appropriate zero-padding,
where B3∗ denotes the matrix composed of those columns
of B that correspond to the indices in 3∗. Hence, one may
attempt to solve (7) equivalently by identifying3∗. However,
finding 3∗ is as complex as solving (7) for the optimal
solution. Alternatively, we can obtain an approximation of
3∗, denoted by 3̂, in a non-iterative manner [22], [23].
This allows us to derive an approximate solution t̂ given in
closed-form.

In this work, we mainly focus on the approximate closed-
form solution proposed in [22] which is composed of two
steps as follows:
i. Obtain an approximation of the support as

3̂ =
{
n : n = 1, 2, . . . , 2Nu, yTbn ≥ 0

}
, (10)

where bn denotes the nth column of B.
ii. Let L , |3̂| denote the length of the approximate

support set. Build a 2Nu × L matrix B
3̂

consisting of
those columns in B that are indexed in 3̂ and let the

FIGURE 2. Experimental probability mass function of L.

columns of B
3̂
be indexed as bn where n ∈ 3̂. Then,

calculate an approximate solution by solving a reduced
system of linear equations as

t̂n =
{[

B†
3̂
y
]
n

}
+

, (11)

and t̂n = 0 otherwise, where [·]n denotes the element
that corresponds to the nth variable in t, and operation
{·}+ stands for max{·, 0}.

This approximate closed-form solution involves a matrix
pseudo-inverse operation as in (11), which is computationally
costly in practice. In the sequel, we propose an approximate
alternative operation to eliminate the need for computation of
this matrix pseudo-inverse.

B. LOW-COMPLEXITY IMPLEMENTATION
Our experiments show that, on average, only a few number
of inner products yTbn out of a total number of 2Nu are
non-negative, and hence, we usually have L � 2Nu. As a
consequence, the matrix B

3̂
has more rows than columns.

In Fig. 2, we support this observation by plotting the empirical
probabilitymass function of L which is obtained by averaging
the realizations of L from 106 trials (103 symbol periods over
103 channel realizations) in a scenario with Nt = Nu = 16.
It can be seen from Fig. 2 that P{L ≤ 3Nu/4} ≈ 0.99, i.e., the
length of the approximated support is, with high probability,
smaller than 3/4 of the total number of elements. Based on
this observation, we assume that the columns {bn : n ∈ 3̂}
are mutually orthogonal. Such an assumption leads us to the
following approximation:(

B
3̂
BT
3̂

)−1
≈ diag

({
1
‖bn‖2

: n ∈ 3̂
})

. (12)

As a result, the pseudo-inverse of matrix B
3̂
can be approxi-

mated as

B†
3̂
= BT

3̂

(
B
3̂
BT
3̂

)−1
≈ BT

3̂
diag

({
1
‖bn‖2

: n ∈ 3̂
})

.

(13)
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Therefore, by plugging (13) into B†
3̂
y, we obtain

t̂n =

{
yTbn/‖bn‖2 n ∈ 3̂,
0 n /∈ 3̂.

(14)

Given the approximate solution t̂ = [t̂1, t̂1, . . . , t̂2Nu ]
T,

we use (6) to obtain the vector of precoded transmit signal.
The pseudo-code of the proposed low-complexity approxi-
mate precoding solution is summarized in Algorithm 1. It is
important to note that the non-negative constraints t � 0 are
all satisfied by the SLP design in Algorithm 1. This implies
that the approximation (13) does not lead to violation of
the SNR constraints and the users’ SNR requirements are
guaranteed under the proposed approximate SLP solution.

Algorithm 1 Approximate Low-Complexity SLP Solution

1: Input : H†, 6, 0, s
2: Output : u
3: A−1← lookup(s) F Build matrix A−1

4: B← H†A−1 F Build matrix B
5: y←−H†60s F Build vector y
6: for n = 1 to 2Nu do F Collect column-wise norms
7: cn← bTnbn
8: end for
9: for n = 1 to 2Nu do

10: dn← yTbn
11: if dn ≥ 0 then F Approximate the support
12: tn← yTbn/cn F Compute vector t
13: else
14: tn← 0
15: end if
16: end for
17: u∗← Bt− y F Compute vector u

We remark that in Algorithm 1, a simple lookup method
is used to avoid calculation of matrix A−1 at each symbol
period.More precisely, given themodulation scheme, one can
extract all the possible realizations for a sub-matrixAi, which
is equal to the modulation order, calculate its inverse and
store them in a lookup table. At the time of implementation,
each sub-matrix A−1i can be read from the lookup table
with respect to the given symbol si, and the entire matrix A
can be constructed accordingly. Furthermore, for the ease of
implementation, the matrices 6 and 0 can be incorporated
into the symbol vector s, as we will see in the FPGA design
section.

The proposed solution in Algorithm 1 consists of a number
of loops with known and constant number of iterations, each
of which includes some basic arithmetic operations, e.g.,
addition and multiplication. We report in Table 2 the actual
arithmetic complexity of Algorithm 1, including the separate
complexity of each computation step as well as the overall
complexity, in terms of the number of floating-point opera-
tions (FLOPs). It follows from Table 2 that Algorithm 1 has a
dominating complexity order ofO(NtNu), in the limiting case

TABLE 2. Actual arithmetic complexity of Algorithm 1.

where Nt,Nu → ∞, and therefore, it enjoys the exact same
per-symbol complexity order as that of the ZF precoding tech-
nique. Based on this comparison, we state that the proposed
SLP solution has low computational complexity, and hence,
is suitable for real-time implementation.

IV. FPGA DESIGN
To enable implementation of the proposed low-complexity
SLP solution, we design the IP core using the Xilinx Vivado
HLS tool. The Vivado HLS tool transforms a C specification,
such as C, C++, or SystemC, into a register-transfer level
(RTL) implementation that can be synthesized into Xilinx
programmable devices. In this work, we have used version
2017.3 of the Xilinx Vivado HLS software and designed the
IP core for Xilinx Kintex-7 xc7k410tffv900-2 FPGA part.

To generate the IP core, we have translated the algorithmic
description of Algorithm 1 into C++ language. To achieve
an accelerated performance and higher throughputs, we have
optimized the code throughmany techniques, such as pipelin-
ing the functions, unrolling the loops, and partitioning the
arrays. Pipelining and unrolling both improve the hardware
function’s performance by exploiting the parallelism between
function and loop iterations. In particular, pipelining allows
the operations in a function/loop to be implemented in a
concurrent manner and unrolling creates multiple copies of
the loop body and adjusts the loop iteration counter accord-
ingly. These techniques have been applied to the design
by adding the so-called ‘‘directives’’ into the C++ code.
In the following, we refer to the design used in this work by
applying the above techniques as the optimized HDL design.
On the other hand, the original design without applying any
of the above optimization techniques is referred to as the
non-optimized design. Later in this section, we present the
resource utilization and performance estimates for both non-
optimized and optimized HDL implementations to empha-
size how the design benefits from such code optimizations.
We have further utilized the Vivado HLS matrix algebra
library for efficient calculation of matrix multiplications. The
C++ code has then been synthesized using the Vivado HLS
tool, and the RTL implementation has been extracted as an
intellectual property (IP) catalog.

A schematic block design of the IP core generated for a
(Nt,Nu) = (4, 4) system is depicted in Fig. 3. The design
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TABLE 3. Interface specifications of the IP core.

TABLE 4. Structure of the RTL data ports.

FIGURE 3. Block design of the proposed SLP IP core.

takes the matrix H† and the vector s as data inputs to execute
Algorithm 1. These two inputs are shown as ports pinvH_V
and s_V_TDATA in Fig. 3. Note that we do not consider dedi-
cated inputs for the matrices 6 and 0, but instead, we absorb
the corresponding noise variances and target SNRs into the
input vector s. The only output of the HDL design is the
precoded vector u which is placed on port u_V_TDATA of
the IP core.

A. RTL I/O PORTS DESCRIPTION
The IP core associated with the HDL design has a num-
ber of data I/O ports. In addition, a block-level I/O control

handshake protocol has been added to control the RTL design
independently of the data ports. We summarize the specifi-
cations and behavior of all the HDL I/O ports in Table 3.
Note that the bit width of a data port is determined by the bit
width of the fixed-point format, which is denoted by B. In this
work, we adopt a 6.10 signed fixed-point format for the RTL
design such that it represents the integer and fraction parts,
respectively, by 5 and 10 bits, and the sign is specified by
one bit. Therefore, the real and imaginary parts are allocated
16 signed bits each, resulting in a total number of 32 bits for
a single complex value.

To have an efficient data transfer towards and from the IP
core, we adopt an AXIS handshake protocol for the I/O data
ports. The precomputed pseudo-inverse of the real-valued
channel matrix feeds the input data port pinvH_V, and there-
fore, this port does not need a handshake signaling. The
data on this port must be ready before signaling to the port
s_V_TREADY. The real and imaginary parts of each element
of matrix H† are reshaped row by row into an array of length
4BNtNu bits. The first element of the first row starts at the
the most significant bit, while the last element of the last row
ends at bit 0. We further illustrate in Table 4 the formats of the
data ports s_V_TDATA and u_V_TDATA. The s_V_TDATA
port contains the elements of the symbol vector s in the order
shown in Table 4, which are mapped to an array of length
2BNu bits. The real part of the first element starts at the
most significant bit and the imaginary part of the last element
ends at bit 0. The u_V_TDATA port, on the other hand, has
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TABLE 5. Performance estimates of the non-optimized HDL design.

TABLE 6. Performance estimates of the optimized HDL design.

a different format from that of the s_V_TDATA port. The
imaginary parts of all the elements of the precoded vector
u are concatenated and appended to the real parts of all the
elements. The first element’s real part starts with the most
significant bit and the the last element’s imaginary part ends
at bit 0.

B. RESOURCE UTILIZATION AND TIMING ESTIMATES
In designing the IP core for the Kintex-7 xc7k410tffv900-2
FPGA device, we have set a target clock period (CP)
of 10 nanoseconds (ns), or equally, a 100 MHz clock rate.
The estimate performance numbers, including timing and
latency, produced by the C synthesis and implementation via
the Vivado HLS tool are presented in Table 5 and Table 6 for
both non-optimized and optimized designs, indicating that the
required timing is perfectly met in both cases. In particular,
the estimated timing performance after post-implementation
of the optimized IP core is shown to be 8.83 ns, which is well
smaller than the target CP of the HDL design.

We further report, in Table 5 and Table 6, the latency and
the initiation interval (II) estimates for the non-optimized
and optimized HDL functions, where latency refers to the
number of clock cycles required for the design to complete
the current transaction and compute all the output values (i.e.,
the number of clock cycles between the input and the cor-
responding output), and the II is the number of clock cycles
before the design can accept new input data. Comparing these
two tables, we see that the non-optimized HDL design has a
latency of 1493 clock cycles, whereas the optimized design

can achieve a far smaller latency of 9 cycles. This significant
improvement in throughput is brought by optimizing the code
through, e.g., exploiting the parallelism between function and
loop iterations. More precisely, the IP core has been opti-
mized to complete a transaction in 9 cycles, whichmeans that,
upon receiving data on the s_V_TDATA port, the precoded
vector is valid on the u_V_TDATA output port after 9 clock
cycles. In the meantime, the IP core can accept a new input
data per cycle and performs the next transactions in parallel to
compute the corresponding output values. Hence, the design
can produce an output every clock cycle, allowing the IP core
to operate at a rate of 100 Mega symbols per second per user,
as we will see in Section V.
In Table 7 and Table 8, we present the estimated resource

utilization on the Kintex-7 xc7k410tffv900-2 FPGA device,
where the IP core is generated for two systems with
(Nt,Nu) = (2, 2) and (Nt,Nu) = (4, 4). When comparing
the non-optimized and optimized HDL designs, it can be
seen that the latter design occupies more resources on the
FPGA device. This originates from the well-known trade-off
between area and performance in digital logic circuit design.
More specifically, parallelization of functions and loops leads
to higher throughputs, but it requires more resources to per-
form many concurrent operations. Nonetheless, the resource
utilization estimates in Table 8 shows that the optimized
design’s total resource occupation is well below the available
resource on this particular FPGA part for 2 × 2 and 4 × 4
systems. For larger system sizes, i.e., larger numbers of trans-
mit antennas and users, one should either make a compromise
between area and performance or use amore expensive FPGA
with more available resources.

On the other hand, according to the utilization estimates
in Table 8, for the 2 × 2 system, the design utilizes around
4% of the DSP blocks, 1% of the FFs, and 1% of the total
LUTs that are available at this specific FPGA part, while
for the 4 × 4 system, around 17% of the DSP blocks, 2%
of the FFs, and 22% of the total LUTs are utilized by the
design. This implies that, in general, the resource utilization
ratios may not be linearly related to the system size. Roughly
speaking, based on the estimates, it might be possible to
support a larger system than the current design with this
particular FPGA part or even use a cheaper FPGA with
less available resources. For example, in the former case,
the design might be able to treat several independent carri-
ers or handle larger systems on the same FPGA. Note, further,
that the design’s resource utilization does not depend on the
constellation size (i.e., the modulation order). More precisely,
having a larger constellation does not affect the design com-
plexity but increases the size of the lookup table to form the
matrix A, as described in Section III. Therefore, the same
resource occupation estimates are valid also for larger signal
constellations.

C. DESIGN VALIDATION
In this subsection, we assess the performance accuracy of the
designed IP core. For this purpose, we validate our design

VOLUME 9, 2021 30705



A. Haqiqatnejad et al.: Design Optimization for Low-Complexity FPGA Implementation of Symbol-Level Multiuser Precoding

FIGURE 4. Data flow of the IP core sampled in the LabVIEW environment.

TABLE 7. Resource utilization of the non-optimized HDL design on the Xilinx Kintex-7 xc7k410tffv900-2 FPGA.

TABLE 8. Resource utilization of the optimized HDL design on the Xilinx Kintex-7 xc7k410tffv900-2 FPGA.

using the LabVIEW software. The generated IP core is trans-
formed to a design block and then imported to the LabVIEW
environment. The validation steps, which are performed for a
(Nt,Nu) = (4, 4) system, are described in the following.

The input port pinvH_V is fed with the pseudo-inverse of
the channel matrix given in (15), as shown at the bottom
of the next page, and the symbol vector s, taken from a
normalized QPSK constellation set, is placed in order on the
s_V_TDATA input port. We assume a unit noise variance and

an equal target SNR of 0 dB for all the users. In the LabVIEW
environment, we implement and run the imported IP core as a
clock-driven logic (CDL) unit. The resulting flow of the data
I/O ports is depicted in Fig. 4. According to the figure, it takes
one iteration (clock cycle) for the IP core to read the data on
input ports pinvH_V and s_V_TDATA. On the other hand,
the IP core completes the current transaction after 9 cycles,
and therefore, it generates the output data on the u_V_TDATA
port after 10 cycles.
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FIGURE 5. Intended symbols and noise-free received signals obtained by
simulating the HDL design of Algorithm 1.

We particularly focus on the first transaction where
the following symbol vector is placed on the data input
port:

s_V_TDATA =


−0.70703125− j0.70703125
0.70703125− j0.70703125
0.70703125+ j0.70703125
0.70703125+ j0.70703125

 . (16)

The corresponding precoded vector generated on the output
port u_V_TDATA of the IP core is

u_V_TDATA =


0.1601562500+ j0.6035156250
−1.0039062500− j1.6718750000
−1.3212890625+ j3.1640625000
0.5185546875+ j1.0224609375

 .
(17)

This precoded vector is then passed through the multiuser
channel H, and eventually, the noise-free signals received
by the users are plotted in Fig. 5. It can be seen that the
received signal of each user is properly accommodated in the
desired CI region. This verifies the accuracy of the designed
IP core for implementation of the proposed low-complexity
precoding solution.

V. NUMERICAL AND SIMULATION RESULTS
In this section, we provide some simulation results to assess
the performance of the proposed low-complexity approxi-
mate SLP solution implemented as an IP core. We further
compare the results with those obtained from the optimal

FIGURE 6. Block diagram of the simulated communication system.

SLP solution, the closed-form SLP solution in [22], and the
ZF precoding technique. Note that the optimal SLP solution
refers to the solution of problem (5). The precoding tech-
niques of interest in this section are referred to as follows:

- ZF: zero-forcing precoding
- OPT-SLP: the optimal SLP solution of problem (5)
- CF-SLP: closed-form SLP solution in [22]
- HDL-CF-SLP: HDL implementation of Algorithm 1
The ZF, OPT-SLP and CF-SLP techniques are simulated

using the MATLAB software, where a floating-point pre-
cision mode is considered by default. On the other hand,
the HDL-CF-SLP technique is simulated in the LabVIEW
environment, where the implementation uses fixed-point
arithmetic as described in Subsection IV-A. As mentioned
earlier in Section IV, to enable implementation of the HDL
design in the LabVIEW environment, we have transformed
the generated IP core into a design block using the Xilinx
Vivado Design Suite tool, and then imported it as a CDL
function into our LabVIEW simulation framework. The block
diagram of the communication system, simulated in both
MATLAB and LabVIEW environments, is shown in Fig. 6.

Our simulation setup is as follows. We consider a fully-
loaded downlink multiuser MISO systemwith equal numbers
of transmit antennas and users, i.e., Nt = Nu = 4. The BS
uses QPSK signaling and an uncoded transmission scheme to
communicate with the users. We assume a unit noise variance
and equal target SNRs for all the users, i.e., σ 2

i = 1 for all
i = 1, 2, . . . ,Nu and γ1 = γ2 = . . . = γNu . The presented
plots in the following are obtained by averaging the results
over 100 realizations of the Rayleigh block-fading channel
matrix H, where each realization consists of 100 symbols
periods.

We show, in Fig. 7, the scatter plot of the users’ noise-free
and noisy received signals obtained from the HDL-CF-SLP
technique for a target SNR of 0 dB. It can be seen that
the users’ noise-free received signals are properly located
within the correct distance preserving CI region. As a result,
the HDL implementation of our proposed approximate algo-
rithm succeeded to satisfy the CI constraints of the SLP
design problem. In the sequel, we evaluate the performance
of our FPFA design in terms of average transmit power and
symbol error rate.

In Fig. 8, we plot the average symbol error rate (SER)
of each user versus the target SNR for different precoding

H†
=


0.2880+ j0.1221 0.1559+ j0.5371 −0.8774− j0.3437 0.1097+ j0.3331
0.3085+ j0.6187 −0.7176+ j0.0683 0.8212− j1.4356 −0.6341+ j0.4036
0.1790− j0.8406 0.6989+ j0.8182 −2.2538+ j0.3444 0.4639+ j0.6017
0.0961− j0.3560 0.3669+ j0.3207 −1.0475+ j0.8989 0.6282+ j0.0833

 . (15)
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FIGURE 7. Scatter plot of the users’ received signals at SNR = 0 dB.

techniques of interest. It can be seen that all the techniques
achieve almost the same SER performance, while the SLP
techniques show slightly lower SER values compared to those
of the ZF scheme. The reason for this lower SER is that
the SLP techniques exploit the users’ symbols to design the
precoded vector such that it accommodates the noise-free
received signal of each user in the distance-preserving CI
region that corresponds to the user’s intended symbol. Such
a received signal has at least an equal or perhaps even an
increased distance from the ML decision boundaries, which
results in a higher accuracy for symbol detection at the
user’s receiver. It can further be seen from Fig. 8 that the
FPGA simulation of the HDL-CF-SLP technique succeeds
to achieve the same SER as that of the OPT-SLP. Therefore,
the loss due to the approximate solution and the HDL imple-
mentation inaccuracies is not noticeable in terms of SER
performance.

The average transmit power of each precoding technique
corresponding to the SER performances in Fig. 8 is shown
in Fig. 9 versus target SNR. All the SLP techniques, includ-
ing the HDL-CF-SLP implementation, consume a lower
power for precoded downlink transmission, compared to the
ZF scheme. In particular, the HDL-CF-SLP implementa-
tion achieves 1.9 dBW gain in transmit power against the
ZF technique. On the other hand, the FPGA simulation for
the HDL-CF-SLP technique shows losses of 0.5 dBW and
0.85 dBW compared to the numerical results obtained for,
respectively, the CF-SLP and the OPT-SLP techniques in the
MATLAB environment. The loss compared to the CF-SLP
technique originates from two facts. First, the HDL-CF-SLP
implementation, which is based on Algorithm 1, uses the
approximation (13) to avoid the pseudo-inverse calculation
in the CF-SLP solution. Second, to design the HDL for
Algorithm 1, we have used a fixed-point precision due to
FPGA resource limitations which could be a source of inaccu-
racy in the values produced by the IP core, whereas simulating

FIGURE 8. Average per-user symbol error rate as a function of target SNR
with QPSK modulation and Nt = Nu = 4.

FIGURE 9. Average transmit power as a function of target SNR with QPSK
modulation and Nt = Nu = 4.

the CF-SLP method via MATLAB uses floating-point arith-
metic. However, one should notice that the HDL-CF-SLP
implementation is designed for real-time applications on an
FPGA and can provide a high throughput in practice, while
the CF-SLP and the OPT-SLP techniques are not designed so.
It should be further noted that the loss of the CF-SLP method
compared to the OPT-SLP solution comes from the fact that
the CF-SLP provides an approximate precoding solution in
a two-step non-iterative way, while the OPT-SLP solution is
obtained via an iterative optimization algorithm with a higher
computational complexity.

Although all the precoding techniques of interest have
shown comparable SER performances, they do not offer the
same performance when it comes to the transmitted power.
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FIGURE 10. Power efficiency as a function of target SNR with QPSK
modulation and Nt = Nu = 4.

In order to incorporate these two performance measures into
a single figure of merit, we define power efficiency η as the
ratio between the goodput and the transmit power, i.e.,

η ,
log2(M )(1− BER)

‖u‖2
, (18)

where M is the modulation order, ‖u‖2 denotes the transmit
power, and BER denotes the bit error rate which is simply
obtained via dividing the SER by log2(M ).
We compare the power efficiencies of different precod-

ing techniques in Fig. 10 as a function of target SNR. The
HDL-CF-SLP implementation shows gains of up to 2 dB
in power efficiency compared to the ZF scheme. When
compared to the MATLAB implementation of SLP tech-
niques, the OPT-SLP and the CF-SLP solutions outperform
the HDL-CF-SLP implementation, but these techniques are
not able to provide a high symbol throughput. In particular,
the HDL implementation of Algorithm 1 shows at most 1 dB
loss in the depicted range of target SNR, compared to the
OPT-SLP technique. As mentioned earlier, this loss is due
to the approximations used in deriving Algorithm 1 and also
due to the adopted fixed-point precision. The latter drawback
can be alleviated by increasing the bit width of the fixed-
point format, but it comes with an excessive FPGA resource
utilization. Furthermore, this performance loss is resulted in
exchange for simplifying the design of the precoder. The
simplified design enables implementation of the SLP algo-
rithm on an actual FPGA. Our simulations in the LabVIEW
environment indicate that the HDL design for Algorithm 1
allows data transmission with a high symbol throughput
of 100 Mega symbols per second per user. In the considered
system with Nu = 4 users and QPSK signaling, it translates
to a sum-throughput of 800 Mbps which makes the proposed
FPGA design suitable for realistic wireless communication
applications.

VI. CONCLUSION AND FUTURE WORK
We developed an optimized FPGA design to enable low-
complexity yet efficient implementation of SLP in a high-
throughput downlink multiuser MISO system. The design is
essentially based on [22] in which the authors proposed a sub-
optimal closed-form solution to the power minimization SLP
problem. In this work, we further simplified this solution by
assuming mutually orthogonal channel vectors and proposed
an approximate low-complexity design algorithm that can
operate in a real-time mode. We analyzed the computational
complexity of the proposed design and showed that it has the
same per-symbol complexity order as that of the ZF precod-
ing. We then used the Xilinx Vivado HLS tool to translate
the design algorithm into an HDL code and also to optimize
the design in order to achieve a low latency, and therefore,
a higher throughput. The synthesis results, including perfor-
mance, timing and resource utilization estimates verified the
efficiency of our HDL design.

The generated IP core was evaluated in a simulation envi-
ronment within the LabVIEW software. The simulations for
a 4 × 4 system with QPSK signaling showed that the HDL
design of our proposed algorithm is able to operate at a
symbol rate of 100 Mega symbols per second per user when
deployed on a specific Xilinx FPGA part, which makes it
attractive for real-time implementations. Using theMATLAB
software, we further evaluated the loss of our design algo-
rithm with respect to the optimal SLP solution, where the
loss is shown to be less than 1 dB according to our numer-
ical results. This loss is mainly due to the approximation
introduced when deriving the algorithm and also due to the
adopted fixed-point arithmetic for the FPGA design. Fur-
thermore, the simulation results indicated that the proposed
HDL implementation of SLP outperforms the ZF scheme in
terms of power efficiency, where an improvement of up to
50 percent can be achieved.

An interesting extension to this work could be to estimate
the amount of power consumed by the FPGA, while running
the IP block, and compare it with the saved power at the
transmitter. Another future work is to further optimize the
HDL code and seek possible improvements in the algorithm’s
accuracy. This will enable us to validate and implement the
design for larger numbers of transmit antennas and users, for
which the main restriction is the limited hardware resources.
Another subsequent step is to conduct experimental valida-
tion of the proposed HDL design by deploying it on an actual
FPGA.
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