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Abstract: Nowadays, IoT devices are ubiquitous in our 
daily life. 3GPP Long Term Evolution (LTE) protocol is 
the backbone supporting the IoT ecosystem. Moreover, 
IoT-friendly LTE requires LTE chip to be both high 
performance and energy efficient. In this paper, we 
propose to use high level synthesis to design LTE chips. 
We develop a framework to explore the design space of 
LTE kernels with respect to different performance and 
power trade-offs using a commercial HLS tool. We 
present quantitative performance and power analysis for 
LTE kernels. Through systematic design space 
exploration, we can achieve on average 20X 
performance speedup, or 7.6X energy saving compared 
to the baseline design. 

1. Introduction 
Recently, we have witnessed the explosive growth of 

Internet of Things (IoT). Collectively, the smart phones, 
4G network hubs, data centers, etc. have created a super-
connected IoT ecosystem. To support efficient 
communication among various IoT devices, the need for 
high bandwidth wireless network is increasingly urgent.  
3GPP Long Term Evolution (LTE), which is a standard 
for 4G wireless communication, is designed to support 
implementation of the IoT infrastructure.  

Designing IoT-friendly LTE chip is of paramount 
importance for the entire IoT ecosystem. However, 
modern IoT mobile devices have stringent power/energy 
requirements. Hence, the LTE chip should be power 
efficient. Nevertheless, previous approaches to 
implement LTE on CPU or GPU platforms [9], [10], 
[11] achieve very high performance improvement but 
incur very high power consumption, which makes them 
infeasible for low-power design requirement. Recently, 
FPGA have been employed as power efficient hardware 
accelerators for various applications [12]. In this work, 
we will explore the possibility of designing power-
efficient LTE chips using FPGAs.  

However, the programming challenge of using low-
level RTL implementation makes FPGA development 
tedious, time-consuming, and difficult to debug. 
Fortunately, after decades of efforts in academia and 
industry, high level synthesis (HLS) tools have been 
widely adopted to alleviate the programming challenge 
of FPGA. In general, tens of magnitude of development 
efforts can be saved by employing HLS tools to 
automatically generate HDL code from the code written 
in high level language (C, C++, and SystemC) [5], [6], 
[7], [8]. The hardware accelerators generated by HLS 
can achieve tens or hundreds magnitude of performance 
improvement compared to the software implementations. 

Furthermore, by providing various optimization 
directives at high level, HLS tools can efficiently 
generate different hardware designs with different design 
trade-offs such as performance, power, resource 
utilization, and etc. 

In this paper, we aim to quantitatively analyze the 
performance and power trade-offs of LTE on FPGAs 
using HLS tools. More specifically, we assemble an LTE 
benchmark suite, which is written in C++ and can be 
directly used as input for HLS tools. Then, we design an 
evaluation framework, which employs a commercial 
HLS tool to transform LTE software kernels written in 
C++ to hardware described in Verilog, and then 
implement these hardware kernels on FPGA by using a 
commercial logic synthesis tool. Finally, we provide 
quantitative performance and power analysis for 
different designs. The contributions of this paper are: 
• We propose a framework to systematically generate 

the design of LTE kernels on FPGAs using HLS tools 
and explore the design space formed by different 
optimization options. 

• We provide in-depth analysis of the trade-offs 
between performance and power for the pareto 
optimal points for LTE kernels. 
 

Experiments show that through systematic design space 
exploration, we can achieve on average 20X 
performance speedup, or 7.6X energy saving compared 
to the baseline design. 
 

2. Background 
2.1 High level synthesis  

High level synthesis is the process of automatically 
transforming the algorithms written in high level 
languages (e.g. C, C++, and SystemC) to RTL languages 
(e.g. Verilog, and VHDL). By using HLS tools, tens of 
magnitude of RTL design effort of traditional FPGA 
development could be saved [5], [6], [7], [8] which gives 
designers more flexibility to focus on the high level 
algorithm design instead of the tedious RTL 
implementation. State-of-the-art commercial HLS tools 
[8] incorporate a directive-guided compilation technique 
enabling the designers to directly add pragmas to 
algorithms written in high level language.  These 
pragmas are then used to guide architecture-level 
optimizations (e.g. memory partition, loop unroll, 
pipeline, expression balancing, and etc.) during high 
level synthesis. Different combinations of pragmas will 
result in different performance and power trade-offs. 

978-1-4799-8485-5/15/$31.00 ©2015 IEEE



 

 

2.2 LTE workload 
LTE, a standard of 4G wireless communication for 
mobile phones and data terminals, is designed to provide 
the backbone for the implementation of the IoT 
infrastructure. The system flow graph of LTE uplink 
physical layer is shown in Figure 1. LTE uplink physical 
layer consists of a series of kernels such as Turbo, Rate 
Matching, Scrambling, Modulation, and etc., and each 
kernel contains multiple key computation functions. 

Designing IoT-friendly LTE chip plays an important 
role in the entire IoT ecosystem, and the power and 
performance are two major metrics for evaluating LTE 
chips in IoT devices. However, previous 
implementations of LTE focus on improving 
performance only [9], [10], [11], and it lacks of a 
systematic evaluation of different LTE designs with 
performance and power trade-offs.   

3. Evaluation Framework 
3.1 Evaluation framework overview  

The flow of our systematic framework is shown in 
Figure 2. First, we assemble an LTE benchmark suite 
written in C++, which could be directly used as input for 
HLS tools. Second, the software kernels and the 
corresponding optimization pragmas shown in Table 1 
are both fed to Vivado HLS tool, and the C++ code will 
be automatically transformed to HDL (e.g. Verilog and 
VHDLs) code. Then, the functionality of LTE kernel 
written in HDL code is verified by C++/RTL co-
simulation of Vivado HLS, and the latency in number of 
clock cycles is collected. The verified HDL code is then 
sent to Vivado tool to do logic and physical synthesis 
targeting at FPGAs. Lastly, the power consumption is 
recorded after placement and routing. 
3.2 Architecture-level optimization 

 HLS tool provides various optimization options 
through pragmas for high performance and energy 
efficient designs. Different pragmas results in different 
performance, power, and resource utilization results. The 
pragmas used in our evaluation framework are shown in 
Table 1. 
 Pipeline: A pipelined function or loop can process new 
input data set every N clock cycles, where N represents 
the initiation interval (II). The less the II is, the higher 
performance it will be achieved. But pipeline will also 
incur more power and resource utilization because of 
the increased execution parallelism. 

 Dataflow: Compared with pipeline optimization 
technique, data flow is to achieve parallelism at a 
coarse-grain level. By evaluating the interactions 
between different functions, data flow applies pipeline 
transformation to functions which can be executed in 
parallel. 

 Loop unroll: When a loop is unrolled, multiple copies 
of a loop body will be created in hardware. Multiple 
copies of a loop work in parallel which increases the 
throughput and consumes more power and logic 
resources. 

 Array partition: On-chip memory bandwidth 
sometimes may not be enough to support multiple 
read/write requests from parallel processing units at 
the same time. Array partition is thus utilized to 
partition a big memory block into multiple small 
blocks to increase the number of memory access ports 
as to support more execution units working in parallel. 

 
3.3 Circuit-level optimization 

Circuit-level optimization techniques such as power 
gating, congestion alleviation, retiming, and etc. are 
studied in previous studies. In this paper, we focus on 
exploring different target maximum frequency. 
 Maximum Frequency: When the latency in number of 
clock cycles of a kernel is determined, the 
performance of this kernel is constrained by the 
maximum frequency the chip can achieve. However, in 
order to achieve higher frequency, less delay is 
allowed for each pipeline stage, which requires more 
flip-flop resources to support more pipeline stages. 
The increased pipeline stages and resource utilization 
will consume more power. Therefore, the maximum 
frequency is also an important factor that affects the 
performance and power trade-offs of LTE chip. In this 
work, we sweep five different maximum frequency 
values, which are 50, 67, 100, 125, and 200MHz, and 
the timing constraints are all satisfied after placement 
and routing. 

4. Experiments 
For each LTE kernel, we use Xilinx Vivado HLS tool 

to synthesize the code from C++ to Verilog and the 
target device is Xilinx VC707 development board. The 
optimization pragmas employed for each kernel are 
shown in Table 2. To verify the correctness of Verilog 

Pragmas Syntax 
Pipeline pipeline [options] <location> 
Dataflow dataflow [options] 

Loop unroll unroll [options] <location> 
Array partition array partition [options] <location> <array> 

Table 1. Architecture-level optimization. 

Table 2. Pragmas and design exploration space for each kernel. 
Kernel Employed Pragmas Design Space 

Scrambling pipeline, unroll 40 
Modulation pipeline, unroll, array partition 40 

Rate Matching pipeline, unroll, dataflow 40 
Resource Mapping pipeline, partition, array partition 40 

Figure 1. System flow graph of LTE uplink physical layer. 
Figure 2. Performance and power evaluation framework 



 

 

code, we employ C++/RTL co-simulation to verify the 
functionality of each kernel. Then we use Vivado to do 
logic synthesis, placement and routing. Clock period, 
power, and resource utilization data are obtained from 
post-placement and routing reports. The latency in clock 
cycles of each kernel is obtained from the reports of 
Vivado HLS. Note that since the input data size of each 
LTE kernel is fixed, the latency in cycles obtained from 
the Vivado HLS report is accurate. The hardware latency 
of each kernel in seconds is computed by multiplying the 
clock period and the measured clock cycles. 
4.1 Performance and power trade-off analysis 

After collecting power and performance results from 
our proposed evaluation framework, we plot the 
performance-power results in Figure 3 to further analyze 
the trade-offs between performance and power. 

• Scrambling: The Scrambling kernel mainly consists 
of four loops, and each loop executes large amounts of 
floating-points calculations. Because of the inter-loop 
dependencies, the four loops must be executed one 
after another. For each loop, since there is no intra-
loop dependency, II=1 can be achieved if pipeline 
pragma is used, or the loop can be completely unrolled 
when loop unroll pragma is employed. Different 
pragma combinations between pipeline and loop 
unroll will result in different design trade-offs. 
Therefore, determining optimal pragma configuration 
is not trivial. As Figure 3 (a) shows, the performance-
power points are evenly distributed inside the Pareto 
frontier. For the designs which are on Pareto frontier, 
the performance improvement can be up to 2.17X, or 
the energy be reduced by 4.84X compared to baseline 
design without optimization.  
• Modulation: Modulation kernel has a complex 

structure, where six nested loops constitutes a three-
level loop hierarchy. The loops in each loop level need 
to get values from corresponding 2-D data arrays 
which are implemented as on-chip memory in 
hardware. However, if we want to apply pipeline or 
loop unroll pragmas to a loop, the limited memory 
bandwidth becomes the bottleneck due to the increased 
number of parallel memory accesses. Therefore, we 
employ array partition to increase the memory 
bandwidth as to support more loops executing in 
parallel. As we can see from the Figure 3 (b), the 
points are categorized into two groups: (1) the partition 
group where array partition is used, and (2) the non-

partition group where array partition is not applied. 
The reason for the better performance and power 
efficiency of the designs in the partition group is that 
the array partition largely increases the memory 
bandwidth thus allowing more execution units 
working in parallel. For the Pareto optimal designs, the 
performance can be improved by up to 1858X, or the 
energy be reduced by 174X. 
• Rate Matching: The Rate Matching mainly consists 

of one nested loop to execute the key computation 
function, and two simple loops which just transfer the 
results to output data buffer. The performance of this 
kernel is mainly determined by the nested loop, and 
thus we focus on the nested loop in the following 
analysis. Because of the inter-loop dependencies, only 
the inner loop can be unrolled or pipelined. Therefore 
pipeline and loop unroll are applied to this loop. 
According to the results of Pareto optimal designs, the 
performance can be improved up to 8.22X, or the 
energy be reduced by 2.86X. We can further conclude 
from Figure 3 (c) that Rate Matching is a memory-
bound kernel, because the designs on the left side of 
the dashed line with pipeline or loop unroll pragmas 
applied are concentrated around the Pareto frontier, 
resulting in Pareto optimal or near-optimal 
performance and power trade-offs. The designs that do 
not use pipeline or loop unroll pragmas yield 
unsatisfactory performance and power results. 
• Resource Mapping: The Resource Mapping kernel 

has both intra- and inter- loop dependencies which 
make the potential optimization options limited. To be 
more specific, the computation function is mainly 
executed in two nested loops. Both loops have a three-
level loop hierarchy, but only the most inner loop can 
be pipelined or unrolled due to the inter loop 
dependencies. To apply pipeline or loop unroll for the 
inner loop, the data array must be partitioned because 
of the intra-loop dependencies. According to Figure 3 
(d), we can find that, the designs with both pipeline 
and array partition pragmas are Pareto optimal or near 
optimal, while the designs without pipeline or array 
partition pragmas yield far worse performance and 
power trade-offs. For the designs which are Pareto 
optimal, the performance can be improved up to 
5.26X, or the energy be reduced by 1.39X. An 
interesting thing about this kernel is that most of the 
power consumption is from dynamic power, so the 

Figure 3. A set of plots characterizing the design space with different power and latency values (circles represents different design 
results, the solid line represents the Pareto frontier, and the power and latency are normalized to minimum power and latency 
respectively). 



 

 

frequency affects the performance and power a lot. As 
Figure 3 (d) shows the power consumption increases 
with the increase of the operating frequency.  

 
4.2 Power consumption breakdown 

In this section, we further breakdown the power 
consumption of each LTE kernel. Two representative 
designs of each kernel are selected to be further 
analyzed: (1) the design which is Pareto optimal with the 
maximum performance, and (2) the design which is 
Pareto optimal but with the minimum performance.  

The power consumption consists of static power and 
dynamic power. For static power, the designs with the 
maximum performance consume 17% more power than 
the designs with the minimum performance on average. 
The increase of static power is due to more utilized 
compute and memory resources which incur higher 
leakage power. In the contrast, the dynamic increases 
about 5 folds on average in designs with the maximum 
performance. There are two reasons for the dramatic 
increase of dynamic power. First, the employed 
optimization pragmas increase the activity factor 
resulting from more execution units working in parallel. 
For instance, the logic, signal, and DSP power increase 
drastically in Scrambling, Modulation, and Resource 
Mapping Kernels, and the BRAM power increases a lot 
in Rate Matching kernel. Secondly, the designs with 
maximum performance are operating in the maximum 
frequency at 200MHz, which further increases dynamic 
power consumption.  

5. Conclusions 
Nowadays, IoT-friendly LTE design requires the 

design generated by HLS to be both high performance 
and power efficient. Therefore, this study targets at 
analyzing the performance and power trade-offs by using 
HLS tools in the scenario of IoT-friendly LTE. We 
propose an efficient evaluation framework to analyze the 
performance and power trade-offs. Through design space 
exploration, we can achieve on average 20X 
performance speedup, or 7.6X energy saving compared 
to the baseline design. 
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