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Although computational resources on robots are often limited, real-time,
accurate computation of trigonometric functions is essential in robot
manipulators, particularly for forward and inverse kinematics, dynamic
analysis, trajectory planning, and motion control. The LUT method requires
a large number of LUTs to improve accuracy. The accuracy of the CORDIC
method is highly dependent on the number of computational latencies, which
affects the computation speed. This paper combines two general approaches
for computing trigonometric functions on robot manipulators that improve
accuracy without increasing resource utilization and computational latencies.
The design uses a 10-bit format (0.125° input resolution and 2-1° output
precision) and is implemented in VHDL on a Xilinx Artix-7 XC7A100T-
CSG324 FPGA. Compared with a CORDIC-only baseline, the maximum
absolute error is reduced from 0.083007812 to 0.009801151 for sine and
from 0.079101563 to 0.008901377 for cosine, while MSE drops from

Trigonometry function 2.4031x10* and 2.32974x10* to 5.87754x10° and 5.87862x10°C,
respectively. The hybrid core also reduces slice usage from 81 to 69 and
shortens computation time from 35.271 ns to 30.627 ns, making it suitable
for resource-constrained real-time robotic control.
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1. INTRODUCTION

Real-time computation plays a crucial role in modern robotic systems, especially in manipulators
that operate under continuous-path control. Trigonometric functions are utilized in robot manipulators for
forward and inverse kinematics computation, dynamic analysis, trajectory planning, and motion control. In
their implementation, trigonometric functions must be computed in real time to meet the robot’s
computational needs. Software-based trigonometric computation introduces significant delays, making it
unsuitable for real-time robotic systems [1]. Field-programmable gate arrays (FPGA) offers flexibility for
real-time implementation, thereby enhancing processing speed [2]. It is a reconfigurable hardware platform
capable of performing naturally parallel computations, making it suitable for executing intensive
computational algorithms [3]. The precise parallel computation capability of the FPGA ensures that system
design requirements are met [4]. Moreover, FPGA-based acceleration in robotics offers a competitive
alternative in power-limited and latency-critical scenarios, as it can outperform CPUs and GPUs in both
energy efficiency and performance [5].

A major challenge in robotic computation is minimizing energy consumption while maintaining
real-time performance [6]. Consequently, other essential aspects of trigonometric computation include
accuracy and computational efficiency [7]. This is because trigonometric functions are part of a larger
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computation, and their computational units are often integrated with other modules that require greater
computational resources and handle more complex tasks. Thus, it is important to implement trigonometric
computations that are both resource-efficient and fast, while remaining accurate.

General approaches for implementing trigonometric functions on FPGAs include the lookup table
(LUT) and coordinate rotation digital computer (CORDIC) methods [8]. The LUT method is considered
simple, effective, and fast, but requires a large number of LUTs to achieve high accuracy [9], [10]. The
mapping of sine and cosine functions can be performed out using an array map in the LUT with a specific
angular resolution [11]. Although the mechanism is simple, the required number of LUTs increases
significantly as the resolution becomes finer to improve accuracy. The application of the twiddle factor can
reduce the quadrant coverage to accommodate a larger input range for trigonometric functions [12].
Meanwhile, accuracy can be enhanced by combining LUTs with Taylor series expansion [13]. Its
implementation adopted a finite state machine (FSM), requiring 12 steps and 53,248 bits of memory storage
for sine and cosine calculations. Consequently, this method is unsuitable for applications requiring high
accuracy [14].

The implementation of the CORDIC algorithm for trigonometric function computation on an FPGA
is very convenient because it occupies minimal area [15]. This is because CORDIC only requires simple
adders and shift registers [16]. On the other hand, the accuracy of the CORDIC algorithm depends on the
number of iterations; higher accuracy results in greater latency [17]. Increased latency affects computational
speed, making it difficult to meet real-time requirements. Several studies have been conducted to improve the
speed of CORDIC operations, including Radix-4, Higher Radix, Double-Step Branching, Hybrid CORDIC,
and Binary CORDIC techniques. These methods effectively reduce latency but consume significant hardware
resources [14]. The precision of the CORDIC algorithm for computing Arcsine and Arccosine functions can
be improved by applying appropriate gain compensation at each iteration [15]. Modifications to CORDIC
can reduce latency and improve accuracy in sine and cosine computations by utilizing first-order Taylor
series approximations [18]. The combination of these two approaches can enhance accuracy and reduce
latency, but at the cost of higher computational resource usage. The state of the art in CORDIC research
continues to seek an optimal trade-off among area, delay, power consumption, and precision; however,
achieving simultaneous optimization remains challenging [19].

Another method for implementing trigonometric functions involves series expansion, such as the
McLaurin series, to enhance computational accuracy and precision [20]. However, such series expansions,
often used in commercial software, are not suitable for integer arithmetic operations [21]. A combination of
LUTs and interpolation between adjacent points can also be used to approximate nonlinear functions such as
the Arctangent [21]. Furthermore, several hybrid LUT-CORDIC methods have been proposed [22]-[25]. In
these approaches, LUTs are commonly used to store the initial CORDIC stages (or pre-rotation) in order to
reduce the number of iterations and thus the latency [22], [23]. Another variation uses a small LUT to store
the least significant bit (LSB) correction values of the input angle, which are then accumulated with the
CORDIC computation result [24]. More recently, LUT-based quadrant conversion has also been used to
expand the angular range by mapping the input angle into other quadrants [25]. Overall, these hybrid designs
primarily emphasize latency reduction or range handling; accuracy improvements are typically limited or
indirect. Therefore, these characteristics create a practical FPGA design tension among area, speed, and
accuracy. Despite extensive FPGA implementations of trigonometric computation, there is a lack of balanced
architecture that simultaneously optimizes speed, accuracy, and hardware cost.

In this work, we propose an error-aware hybrid LUT-CORDIC architecture for FPGA-based
trigonometric computation, tailored to the requirements of real-time robotic manipulator control. Instead of
using LUTs for broad-stage replacement, we first map the absolute-error distribution of a baseline fixed-point
CORDIC across the input-angle domain, then select rotation constants (0,) to concentrate the significant
errors into narrow boundary intervals. A very small ROM/LUT is then used only within these intervals to
apply LSB-level correction, while the CORDIC path is retained for the rest of the input range. Using a 10-bit
data format (0.125° angle resolution and 10-bit sine/cosine output precision) to match the manipulator joint
resolution, the proposed design achieves a substantial reduction in computation error and improved timing
performance with modest resource changes. To summarize, the main contributions of this paper are:

— An error-aware hybrid LUT-CORDIC architecture that improves the accuracy of sine/cosine computation
while keeping the memory requirement minimal (LUT used only in narrow error-dominant intervals).

— A low-latency fixed-point implementation using a 10-bit input/output data format aligned with robotic
manipulator joint resolution.

— Determining the rotation constants (o,) by analyzing the CORDIC absolute-error distribution, thereby
localizing dominant errors and directly determining the required LUT/ROM capacity.

This paper is organized as follows: Section 2 method, section 3 results and discussion, and rection 4

concludes the paper.
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2. METHOD

In this study, a hardware architecture for trigonometric function computation will be designed by
combining CORDIC and LUT methods. Accordingly, the functionality of the developed device is to compute
sine and cosine values based on a given angle input. In general, the interface of the trigonometric
computation unit to be developed is shown in Figure 1. As illustrated in Figure 1, there is one input
representing the angle (0) and two outputs representing the computed sine and cosine values.
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Figure 1. Trigonometry computing unit interface

The data format uses 10 bits per input and output, as shown in Table 1. The 10-bit fixed-point
format was chosen based on the servo motors resolution to be used in the joint robot manipulator. Based on
calculations of the sine and cosine functions for the resolution angle and its multiples, it was found that the
10-bit data format is optimal. On the other hand, there are considerations of accuracy and hardware cost for
embedded robotics applications. Wider precision increases the data bandwidth and usually requires additional
iterations (or larger correction tables) to maintain proportional error reduction, which increases area, latency,
and power. The chosen 10-bit setting provides adequate resolution while maintaining a compact
implementation.

Table 1. 10-bit data format

Data Parameter Bit position Decimal Values
9 8 7 6 5 4 3 2 1 0
Angle(0) Binary Value 1 0 1 0 1 0 1 1 0 1 85,625
Weight 26 23 24 23 22 2! 20 2! 22 23
Sine or Cosine Binary Value 1 0 1 0 1 0 1 1 0 1 0,6689453125
Weight 27! 22 23 2+ 23 26 27 28 29 o

With a 10-bit input representation, the angle data can be expressed with a resolution of 0.125° over
the interval 0.0-90.0°. For the 10-bit output data, the sine and cosine values can be represented with a
precision of 27'° over the interval 0.0-0.9990234375. This data format is adjusted to match the joint
resolution of the robotic manipulator to be used. To support wider angle ranges, a simple quadrant-mapping
range-reduction stage can be placed ahead of the core to map any input angle (e.g., 0°-360°) into the first-
quadrant domain while applying sign and swap rules at the outputs. Likewise, higher bit-width precision can
be obtained by widening the fixed-point format and increasing the CORDIC iterations, with optional LUT
refinement to store additional LSBs for error-critical intervals.

The design procedure begins by modeling the trigonometric computation unit using the CORDIC
method, which performs a sequence of shift-ad micro-rotations governed by the standard rotation constants
can be written as (1).

a, = tan~1(27™) (D)

These micro-rotations are implemented as an iterative process using the CORDIC update in (2).
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Xn+1 =X — Yndnz_n
Yn+1 = Yn + Xndnz_n (2)
Znyr =Zn—dypay

The variables x,,,1, Yn4+1, and z,,,are updated at each iteration, to obtain the values corresponding to the
cosine() function, the sine() function, and the angular change, respectively, where

_1forz,<86
dn = —1forZ, <6 3)

To maintain consistency with the proposed 10-bit fixed-point angle representation, each «a, is
quantized to the same internal angular format as 0, using the angular resolution of the data format (Table 1),
ensuring that the angle accumulator and the input angle operate in same fixed-point domain. The
implementation results are then analyzed to assess the method’s performance. From this analysis, it was
found that the computational accuracy of the trigonometric functions using the CORDIC method yielded a
mean squared error (MSE) of 2.403x10~*. When the absolute error in the CORDIC computation results were
mapped across possible variations in input angles, it was observed that significant absolute errors occurred
within specific angle intervals, depending on the selected rotation angle constants @, and the fixed-point
rounding effects. Based on this error-distribution study, the a,, set and iteration depth were selected as listed
in Table 2 to localize the dominant error into narrow angular ranges, enabling a targeted correction
mechanism in later stages while avoiding unnecessary increases in datapath width or iteration count that
would raise area and latency with diminishing accuracy returns under 10-bit precision. The binary
representation of the angle 6 in Table 2 follows the 10-bit angle data format described in Table 1. For
example, the angle 71.625° is represented as the 10-bit binary value 1000111101, where the 7 MSBs encode
the integer part (71°), and the 3 LSBs encode the fractional part (0.625°).

Table 2. The rotation constant values

Iteration (n) O
0 Binary

0 71,625°% 6> 45 1000111101

-18,5°; 0 <45 1101101100
1 14° 0001110000
2 7,125° 0000111001
3 3,625° 0000011101
4 1,75° 0000001110
5 0,75° 0000000110
6 0,5° 0000000100
7 0,25° 0000000010
8 0,125° 0000000001

Based on the a, constant values in Table 2, the significant absolute computation errors can be
concentrated within the angle interval of 85.5°-90°. The angles that produce computation results with
significant absolute errors are precomputed to obtain their sine values. The interval 85.5°-90° denotes the
error-dominant subrange identified from the fixed-point error curve in the first quadrant. In the proposed
hybrid scheme, the LUT correction is enabled only when 8 € [85.5°,90°]for sine and 8 € [0°, 4.5°]for cosine
using comparator-based threshold switching. These thresholds were chosen empirically to target the region
where quantization and rounding cause the largest deviation in the CORDIC-only output, while keeping the
LUT extremely small. These sine values on this interval are then represented in 10-bit format according to
the output data specification. When comparing the precomputed data, four distinct groups of angles are
identified, as shown in Table 3. From the table, it can be observed that the sine values vary only in the two
least significant bits (LSBs). Therefore, these 2 LSBs are modeled and stored in a 4x2-bit ROM memory.
The same procedure is applied for the cosine function within the interval 0°—4.5°.

Table 3. Precomputation of sin(6) and cos(90° — 0) functions in binary format
0

90 -0 Sin (0)/ Cos(90- 0)
85,5 4,735 111111 1100
85,625 — 86,375 3,5-4,25 111111 1101
86,5 — 87,375 2,375-3,375 111111 1110
85,375 - 90 0-2,25 1111111111
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The hybrid LUT-CORDIC methods proposed for computing trigonometric functions is illustrated in
Figure 2. The hardware architecture shown in Figure 2 demonstrates that the input angle is compared against
a threshold value of 85.5 degrees. If the input angle is greater than the threshold value, the sine function is
computed using the LUT method according to the sine values listed in Table 3. Conversely, if the input angle
is smaller than the threshold value, the sine function is calculated using the CORDIC method. Similarly, for
cosine computation, the input angle is compared with the value (90° — threshold value). If the input angle is
greater than this value, the cosine function is computed using the CORDIC approach, whereas if the input
angle is smaller, the value is obtained using the LUT approach.

CORDIC Cvgle tanTn

>(90-th
. Z—

90-6 [ Sin(B)/Cos (90-6)
th [ 90-th Sinfth
6 9001 Sin(01]
9010 Sin(90)

LUT

Figure 2. Proposed architecture

3.  RESULTS AND DISCUSSION

In this study, a hardware architecture for computing trigonometric functions on an FPGA-based
robotic manipulator is proposed. The proposed hardware architecture Hybrid LUT-CORDIC methods,
modeled using VHDL in ISE 14.7. The resulting architecture model is then implemented on a Xilinx Artix-7
series XC7A100T-CSG324 FPGA. Figure 3 presents the functional simulation results of sine and cosine
computation using the Hybrid LUT-CORDIC methods. From Figure 3, it can be observed that when the input
angle is 85.375°, which corresponds to the hexadecimal value 2ABH, the computed sine and cosine values at
the 9th clock cycle are 3FAH and 055H, respectively—equivalent to 0.994140625 and 0.0830078125 in
decimal. When compared to the actual sine and cosine values at 85.375°, the absolute error for sine
computation is 0.002603165, and for cosine computation is 0.002373968.

Untitled 2

Q W @ a I ¥ « | o= o o &

1,956,825.000 ns

Figure 3. Computational simulation of trigonometric functions

Figure 3 also shows that to obtain sine and cosine computation results with sufficient accuracy using
the CORDIC algorithm, nine iterations are required. This differs from trigonometric computation using the
LUT method, which can produce results within the same clock cycle as the input angle. This can be observed
when the input angle is 85.5° (hexadecimal: 3ACH), which equals the threshold value. In this case, the sine
computation is performed using the LUT approach, yielding a value of 0.99609375 (in hexadecimal: 3FCH).

Hybrid LUT-CORDIC architecture on FPGA for efficient and accurate ... (Nia Gella Augoestien)
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This computation result has an absolute error of 0.000823584 and is obtained in the same clock cycle as the
input angle. This demonstrates that trigonometric computation using a LUT can be implemented using
combinational circuitry, allowing the output to be produced in the same cycle as the input.

On the other hand, the cosine computation for the same input angle must be realized using the
CORDIC approach. Therefore, the computation result is obtained at the 9th clock cycle, yielding
0.0830078125 (055H in hexadecimal format). This behavior aligns with the proposed hardware architecture.
The cosine computation using the LUT method applies when the input angle is less than 4.5°, as shown in the
simulation results in Figure 4. In Figure 4, when the input angle is 4.375° (in hexadecimal: 023H), the cosine
computation result is obtained within the same clock cycle—0.99609375 (in hexadecimal: 3FCH)—using the
LUT approach. However, the sine computation at this angle yields 0.067382812 (045H) using the CORDIC
approach.
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Figure 4. Computational simulation of trigonometric functions 2

When comparing the computation results obtained using both methods, it is evident that the absolute
error from Hybrid LUT-CORDIC methods is significantly lower than that of the CORDIC method for both
trigonometric functions. The absolute error values of trigonometric function computations using the
CORDIC and Hybrid LUT-CORDIC methods are shown in Figure 5.

Absolute Error of Sine vs Angle (CORDIC vs LUT+CORDIC) Absolute Error of Cosine vs Angle (CORDIC vs LUT+CORDIC)
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Figure 5. Absolute error graph of (a) sine and (b) cosine computation

From the graph in Figure 5, it can be observed that the absolute error in sine and cosine
computations using the CORDIC method at certain angles can be reduced by applying the Hybrid LUT-
CORDIC method. For the sine function in Figure 5(a), the maximum absolute error using the CORDIC
method is 0.083007812, whereas when using the Hybrid LUT-CORDIC, it decreases to 0.009801151.
A similar result is observed for the cosine function in Figure 5(b), where the maximum absolute error
decreases from 0.079101563 (using the CORDIC method) to 0.008901377 when the Hybrid LUT-CORDIC
method is applied.
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The mean squared error (MSE) results show that the computation of the sine function using the
Hybrid LUT-CORDIC method decreases significantly from 0.00024031 to 0.00000587754. This aligns with
a similarly significant reduction in the cosine function computation, which decreases from 0.000232974 to
5.87862x107¢. Thus, the sine function computation error is reduced by more than 97.5% (from 0.00024031 to
0.00000587754), consistent with the improvement achieved in the cosine function. More detailed data
comparing the hardware performance is presented in Table 4. Since MSE reflects the average squared error
over the evaluated range, the proposed design reduces the average squared deviation by approximately
97.5%, indicating that the computed trigonometric values are consistently closer to the reference across
angles, not only at isolated points. In addition, the maximum absolute error is reduced by about 8%, which is
important for worst-case safety thresholds in the overall kinematics computation of robot manipulators.

In robotic manipulators, trigonometric functions are the core building blocks for rotation matrices
and homogeneous transformations used in forward/inverse kinematics and trajectory tracking. If an element
of a rotation matrix is calculated as sin(0) or cos(0), then the trigonometric error directly affects the matrix
computation results. As a result, the orientation and position computations of the end-effector will potentially
experience increasingly large, accumulated errors. This large accumulated computational error impacts the
smoothness of the robot's movement and the end-effector's ability to reach its target.

As shown in Table 4, the significant reduction in MSE obtained using the Hybrid LUT-CORDIC
method also contributes to a decrease in the number of slices, from 81 slices using the CORDIC method to 69
slices when using the Hybrid LUT-CORDIC method. In addition, the proposed hybrid LUT-CORDIC
implementation reduces FPGA resource usage, which is beneficial for manipulators that must share logic
resources with other real-time modules (PWM generation, sensor interfacing, safety monitoring, and
communication). Lower slice/LUT consumption allows additional control functionality to be integrated on
the same device or enables deployment on smaller-cost FPGAs, while shorter computing time increases the
overall computing speed.

Table 4. Hardware performance result

Method CORDIC Combined CORDIC-LUT LUT only
Slice 81 69 197
Slice Register 62 60 0
Slice LUT 156 180 445
/0 31 31 30
F Maks (MHz) 255,161 293,841
Min Period (ns) 3,919 3,403 6.579ns
Clock Cycle 9 9 1
MSE Sine 2,403E-4 5,87754E-06 3,33280758997621E-07
MSE Cosine 2,32974E-4 5,87862E-06

From a performance perspective, computing the sine function using the CORDIC method requires 9
clock cycles, yielding a computation time of 35.271 ns. In contrast, the computation using the hybrid LUT-
CORDIC method takes 30.627 ns. Here, the computational time is defined as Ty = Neyeres X Terk- Although
both architectures require 9 clock cycles, the hybrid LUT-CORDIC implementation achieves a shorter clock
period (higher Fy,,) due to a reduced critical path, resulting in a lower total computational time of 30.627 ns
versus 35.271 ns for the CORDIC-only design. This shows that the hybrid LUT-CORDIC method is faster
than that of the CORDIC method alone. This improvement is due to the smaller minimum period in
trigonometric computation when using the hybrid LUT-CORDIC compared to the standalone CORDIC
method. A larger minimum period corresponds inversely to the maximum operating frequency — the higher
the maximum operating frequency, the faster the computation can be performed. In practical applications,
this trigonometric computation module will be integrated with other computation modules to form a unified
real-time robotic computation system. Therefore, it is essential to ensure that each module operates at a high
maximum frequency to ensure the entire hardware system functions at optimal speed. This combination of
improved numerical fidelity and more efficient hardware execution is particularly advantageous for real-time
robotic control, where both accuracy and deterministic timing are critical.

Unlike previous hybrid CORDIC-LUT methods, which mainly focused on latency reduction [22]-
[24], this work simultaneously improves accuracy and computational efficiency for FPGA-based
trigonometric computations. Meanwhile, [25] proposed a combination of LUT and CORDIC for
trigonometric computations to expand the range of computed input angular intervals. This advantage stems
from a different error-handling strategy than that used in many earlier hybrids: instead of allocating a larger
LUT for pre-rotation or increasing CORDIC refinement depth to suppress residual error, our design applies
range-selective correction. The measured fixed-point error peaks are confined to narrow angular intervals;
therefore, we use a tiny LUT that stores only the necessary LSB correction patterns within these intervals,
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while leaving the remaining angles to the CORDIC core. As a result, the architecture attains substantial worst-
case and average error reduction with negligible memory overhead and without increasing the cycle count.

From a hardware perspective, the proposed hybrid design shifts the accuracy—cost trade-off: instead
of increasing CORDIC iterations (which increases latency and datapath activity) or using a large LUT (which
increases memory), we apply a minimal correction LUT only in error-dominant angle ranges. This yields a
substantial accuracy gain (=8% reduction in maximum error and ~97.5% reduction in MSE) while adding
negligible ROM overhead. Resource utilization decreases (81—69 slices) because the hybrid switching
simplifies the logic in the critical region, thus improving routing and shortening the critical path. As a result,
although both designs execute in 9 cycles, the hybrid core achieves a smaller clock period (higher F,,),
leading to a lower total evaluation time (35.271 ns—30.627 ns). For embedded manipulators, these trade-offs
translate into more timing margin for high-rate control loops and more FPGA capacity for co-located
modules such as PWM generation, sensor interfaces, and safety monitoring.

Table 5 compares the implementation results of prior studies with those of this work across several
FPGA platforms. Based on the comparison in Table 5, the proposed Hybrid LUT—CORDIC design
consistently demonstrates a favorable resource—latency trade-off for FPGA-based robotic control. On Xilinx
Artix-7, it reduces Slice LUT from 8865 (LUT-only [9]) to 180, achieving an =49.3x LUT reduction (=<98%
savings) while maintaining a practical evaluation time of 30.627 ns; although LUT-only is faster (3.158 ns),
it incurs a very large logic cost that is typically impractical when the FPGA must also accommodate
PWM/servo generation, sensor interfacing, communication, and safety logic. On Xilinx Spartan-6, compared
with a 16-bit CORDIC design [8], the proposed core lowers Slice LUT from 951 to 249 (=3.82% reduction)
and Slice FF from 95 to 76, with only a modest Teva increase from 55.488 ns to 60.795 ns (=9.6%), enabled
by a shorter minimum clock period (6.755 ns vs 9.248 ns) despite using 9 cycles. On Xilinx Kintex-7,
relative to a 16-bit CORDIC sin/cos reference [26], the proposed method achieves a substantially lower Teval
(26.37 ns vs 55.556 ns, =2.11x faster) while also reducing Slice LUT (396—243) and Slice FF (287—74),
indicating improved timing efficiency and a smaller hardware footprint. Overall, while cross-study
comparisons are influenced by differing FPGA families, constraints, and precision targets, these results
highlight that the proposed architecture achieves meaningful performance with markedly reduced logic
usage, making it well-suited for real-time embedded manipulator systems where deterministic timing and
resource availability are both critical.

Table 5. Comparison of hardware performance result

FPGA Design Target Method Precision Latency Min Period T Slice Slice
Function (ns) (ns) LUT FF
Xilinx Artix-7 Satti e al. [9]  Sin and Cos LUT 13 bit - 3,158 8865 64

Our proposed ~ Sin and Cos  Hybrid LUT-CORDIC 10 bit 9 3,403 30,627 180 60
Xilinx Spartan-6  Salehi et al. [8]  Sin and Cos CORDIC 16 bit 6 9,248 55,488 951 95

Our proposed ~ Sin and Cos  Hybrid LUT-CORDIC 10 bit 9 6,755 60,795 249 76
Xilinx Kintex-7 Xilinx [26] Sin and cos CORDIC 16 bit 16 3,472 55,556 396 287

Our proposed  Sin and Cos  Hybrid LUT-CORDIC 10 bit 9 2,93 26,37 243 74 .

Although the current implementation targets a first-quadrant angle range (0.0°-90.0°) with 10-bit
fixed-point input/output formats, the proposed LUT-CORDIC core can be extended to wider angle ranges by
adding a lightweight quadrant-mapping stage. This preprocessing map any input angle (e.g., 0°-360°) into an
equivalent first-quadrant angle and applies quadrant-dependent sign and swap rules, so the internal data path
and LUT contents remain unchanged. In addition, higher bit-width precision can be supported by
parameterizing the fixed-point word length, increasing the number of CORDIC iterations in line with the
added fractional bits, and expanding the LUT refinement (e.g., storing additional LSBs or using more
breakpoint intervals).

Power consumption is also important for embedded and battery-powered deployments, while this
study emphasizes accuracy, latency, and resource utilization. In FPGA implementations, dynamic power is
largely driven by switching activity in the iterative add-shift data path and LUT access logic. Therefore,
increasing the fixed-point bit-width or the number of CORDIC iterations typically increases switching and
power. As future work, we plan to report post-place-and-route static and dynamic power using vendor-driven
power analysis tools.

4. CONCLUSION
This research successfully combines the LUT and CORDIC approaches to perform trigonometric
computations on an FPGA. Hardware performance measurements demonstrate that the proposed hardware
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architecture significantly improves the accuracy (about an 8x drop in maximum error and roughly a 97.5%
reduction in MSE) of trigonometric function computation while simultaneously reducing resource utilization
(81—69) and slightly increasing computational speed (35.271 ns—30.627 ns), making it more suitable for
real-time embedded manipulator applications. Future work will include post-layout power and energy
characterization, as well as low-power optimizations such as clock gating and operand isolation.
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