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Main Contributions

• Parameterized architecture validated on an FPGA: The hardware,
developed in fully parametric VHDL code, can be implemented on any
existing technology (e.g. FPGA, Programmable SoC, ASIC).

• Design Space Exploration: Trade-offs among resources, accuracy,
and hardware design parameters are explored. Pareto-optimal
realizations are also generated.

• Comparisons among DFX, FX, and FP architectures: The proposed
DFX CORDIC was compared with similar FX and FP realizations to
assess if the resource increase as well as accuracy.



Dual Fixed-Point Representation

• An n-bit Dual Fixed-Point (DFX) number is composed of a (n-1)-bit 
signed significand (X) and an exponent bit (E). The exponent 
determines the scaling for the significand:

• 𝐷 =  
𝑛𝑢𝑚0: 𝑋. 2−𝑝0 , 𝑖𝑓 𝐸 = 0

𝑛𝑢𝑚1: 𝑋. 2−𝑝1 , 𝑖𝑓 𝐸 = 1
, 𝑝0 > 𝑝1
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Figure 1. DFX number and range of values.



Hardware Architectures

• The hardware developed in this work is fully 
parametric VHDL, below is a list of the cores:

• DFX Basic Units:

• DFX Adder/subtractor

• DFX Multiplier

• DFX Barrel shifter

• DFX Expanded Circular CORDIC

• DFX Expanded Hyperbolic CORDIC

• DFX Logarithm

• DFX Powering
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Figure 2. Expanded DFX Hyperbolic CORDIC.

Figure 3. Fully parameterized DFX Powering.



Setup and Design Space Exploration

• By varying 𝑛, 𝑝0, 𝑝1 (the DFX format), we
create a design space of hardware
configurations for every function to be
tested. This also requires careful selection
of the domain of the inputs.

• Some functions were only explored for a
subset of the design space; this is due to
intrinsic limitations such as convergence or
CORDIC algorithm, scaling factor.

FUNCTION
INPUT DOMAIN FOR

TESTING
CORDIC MODULE M

𝐬𝐢𝐧(𝐱),
𝐜𝐨𝐬(𝐱)

−𝛑 ≤ 𝐱 ≤ 𝛑
CIRCULAR: ROTATION. 𝒛−𝐌+𝟏 = 𝐱

𝒙−𝐌+𝟏 =  𝟏 𝑨𝒏, 𝒚−𝐌+𝟏 = 𝟎
2

𝐚𝐭𝐚𝐧(𝐱) 𝟎 ≤ 𝐱 ≤ 𝟐𝟎
CIRCULAR: VECTORING. 𝒚−𝐌+𝟏 = 𝐱

𝒙−𝐌+𝟏 = 𝟏, 𝒛−𝐌+𝟏 = 𝟎
2

𝐬𝐢𝐧𝐡(𝐱),
𝐜𝐨𝐬𝐡(𝐱)

𝟎 ≤ 𝐱 ≤ 𝟒
HYPERBOLIC: ROTATION. 𝒛−𝑴 = 𝐱, 

𝒙−𝑴 =  𝟏 𝑨𝒏, 𝒚−𝑴 = 𝟎
4

𝒆𝒙 −𝟐 ≤ 𝐱 ≤ 𝟐
HYPERBOLIC: ROTATION. 𝒛−𝑴 = 𝐱,

𝒚−𝑴 = 𝒙−𝑴 =  𝟏 𝑨𝒏
4

𝐚𝐭𝐚𝐧𝐡(𝐱) 𝒙 ≤ 𝟎. 𝟗𝟗𝟗𝟓
HYPERBOLIC: VECTORING. 𝒚−𝑴 = 𝐱

𝒙−𝑴 = 𝟏, 𝒛−𝑴 = 𝟎
5

𝒙 𝟎 ≤ 𝐱 ≤ 𝟑𝟔
HYPERBOLIC: VECTORING. 𝒛−𝑴 = 𝟎,

𝒙−𝑴= 𝐱 +  𝟏 𝟒𝑨𝒏
𝟐 ,

𝒚−𝑴= 𝐱 −  𝟏 𝟒𝑨𝒏
𝟐

3

𝐥𝐧 𝒙 𝟎. 𝟎𝟎𝟎𝟓 ≤ 𝐱 < 𝟏𝟓
HYPERBOLIC: VECTORING. 𝒛−𝑴 = 𝟎,

𝒙−𝑴= 𝐱 + 𝟏, 𝒚−𝑴= 𝐱 − 𝟏
5

𝒙𝒚
𝟎. 𝟏𝟑𝟓 ≤ 𝐱 ≤ 𝟕. 𝟑𝟗

−𝟐 ≤ 𝐲 ≤ 𝟐
HYPERBOLIC: VECTORING AND

ROTATION
4

Table 1.  Testing domain for the CORDIC-based functions.



Results

• The Pareto-optimal realizations for 𝑎𝑡𝑎𝑛/𝑙𝑛𝑥
allows us to only consider optimal hardware
realizations while simultaneously satisfying
accuracy and resource constraints.

• Table 2 depicts how DFX compares to FX in
terms of resources and accuracy. For 𝑥𝑦 on
average, resources increased by 55% while
accuracy improved 61.45dB.

Fn. FX DFX
avg resource 
accuracy inc.

(DFX/FX)

FP EW:24
FW: 16

𝒙𝒚
[24 15] [24 9] [24 15 9]

343
115.78 dB

326
100.42dB

518
46.65 dB

55%
61.45 dB

769
7.61 dB

𝐥𝐧𝐱

[24 10] [24 20] [24 20 10]

198
-34.70dB

200
28.49 dB

439
-104.61dB

120%
101.5 dB

718
-135.2dB

𝐬𝐢𝐧𝐡

[24 15] [24 10] [24 15 10]

201
71.62 dB

197
-11.17 dB

399
-35.29 dB

100%
65.52 dB

605
-37.92dB

Figure 4.  Accuracy-Resources design 

space for atan/sin/cos/lnx.

Table 2.  DFX vs FX. Resources and accuracy.
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