
   

      

      

      

      

   

   

   

 
 
  
  
 
 
 

 
 
  
  
 
 
 

 
 
  
  
 
 
 

 
 
  
  
 
 
 

 
 
  
  
 
 
 

 
 
  
  
 
 
 

 
 
  
  
 
 
 

 
 
  
  
 
 
 

 
 
  
  
 
 
 

 
 
  
  
 
 
 

 
 
  
  
 
 
 

 
 
  
  
 
 
 

 
 
  
  
 
 
 

 
 
  
  
 
 
 

 
 
  
  
 
 
 

 
 
  
  
 
 
 

         

   

• Multi-beam beamforming is essential to modern
telecommunication technologies like 5G that operate in
millimeter-waves.

• The current algorithms to perform multi-beam beamforming
is computationally intensive.

• We propose multi-beam architectures that operate in
baseband to achieve low-complexity simultaneous beams.

• Our FFT beamformers are based on a fast ADFT algorithm
which approximates the DFT.

• We also introduce a new Radix-2 algorithm for true time
delay beamformers.

Receiver backend

Receiver chain

LNA

BPF

Mixer

LPF

IF Amp

ADC

FPGA

Hardware resource utilization

Hardware Specification
• LNA has a gain of 15dB
• IF Amplifier has a gain 

of 30 dB
• Digital hardware is using 

ROACH-2 platform
• The FPGA used is a 

Xilinx Vertex 6 XS475
• ADC support upto 1GHz 

sampling rate

• Viduneth Ariyarathna, Leo Belostotski, Soumyajit Mandal, Xinyao Tang, Renato Cintra, Arjuna Madanayake and Ted Rappaport, 
"Analog Approximate-FFT 8/16-Beam Algorithms, Architectures and CMOS Circuits for 5G Beamforming MIMO Transceivers”, 
IEEE Journal of  Emerging and Selected Topics in Circuits and Systems (JETCAS), Accepted, 2018

• Shirani Perera, Viduneth Ariyarathna, Nilan Udayanga,  Arjuna Madanayake, Ge Wu, Leonid Belostotski,  Yingying Wang, 
Soumyajit Mandal, Renato Cintra, and Ted Rappaport, “Wideband N-Beam Arrays using Low-Complexity Algorithms and Mixed 
Signal Integrated Circuits”, IEEE Journal of Selected Topics in Signal Processing (JSTSP), Accepted, 2018

Exact DFT ADFT

Critical Path 3.611 ns 2.085 ns

LUTs 11920 9837

Occupied Slices 3507 202

Flip Flop 12019 10252

• Approximate DFT matrix contains only ±1, ±i, ±2, ±2i which
leads to multiplierless digital implementation.

• Approximate matrix can be implemented directly or using
the factorization. Factorized version makes it attractive for
higher values of N.

• The complexity of the factorized implementation decreases
as N increases.

Measured beam patterns corresponding to ADFT, fixed-point FFT digital core, 
and the simulated beam patterns. (a)–(p) Beam patterns of each output

• FFT-based beamforming suffer from “beam squint”, i.e., the beam directions strongly dependent on the temporal frequency of
operation.

• It occurs because frequency-independent complex valued weights are used instead of true-time-delays (TTDs).
• Unlike FFT-based beamforming which has 𝑂(𝑁 ∙ 𝑙𝑜𝑔 𝑁 ), TTD beamforming has 𝑂(𝑁2)
• We propose a novel algorithm for TTD beamforming with 𝑂 𝑁 ∙ log 𝑁 complexity

ADFT core meassurments

Delay Vandermonde Matrix 
(DVM)
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Introduction Beam squint in FFT beamforming

𝐀4 =

1 𝛼 𝛼2 𝛼3

1 𝛼2 𝛼4 𝛼6

1 𝛼3 𝛼6 𝛼9

1 𝛼4 𝛼8 𝛼12

𝐔1 =

1 0 0 0
0 1 0 0
0 0 1 𝛼
0 0 0 1

, 𝐔2 =

1 0 0 0
0 1 𝛼 0
0 0 1 𝛼2

0 0 0 1

, 𝐔3 =

1 𝛼 0 0
0 1 𝛼2 0
0 0 1 𝛼3

0 0 0 1

,

𝐔4 =

1 0 0 0
1 )𝛼(𝛼 − 1 0 0

0 1 )𝛼(𝛼2 − 1 0

0 0 1 )𝛼(𝛼3 − 1

,

𝐔5 =

1 0 0 0
0 1 0 0
0 1 )𝛼2(𝛼 − 1 0

0 0 1 )𝛼2(𝛼2 − 1

,

𝐔6 =

1 0 0 0
0 1 0 0
0 0 1 0
0 0 1 )𝛼3(𝛼 − 1

.

Approximate DFT

Exact DFT vs A-DFT

Exact DFT A-DFT

Experimental Setup

Meassurment Results

Reference

DVM Factorization

• Direct implementation of DVM 𝐴4 requires 60 TTD
elements.

• Low-complexity factorization requires only 24 delay
elements.

• Ideal linear phase delay e(−j𝜔_t 𝜏) can be approximated by
APFs that can be realized on-chip at low-SWaP using CMOS
technolog.

• e(−j𝜔_t 𝜏)≈((1−(j𝜔_𝑡 𝜏)/2𝑀)/(1+(j𝜔_𝑡 𝜏)/2𝑀))M = ψ(s), M ∈ Z+,
therefore, the ideal unit delay can be approximately
realized in an analog RC-active topology using a cascade of
M second-order all-pass filters.

• Typically, M = 3 is sufficient for approximation of 𝜏 .
• 𝜓𝑖 (𝑠), i ∈ {2, 3, 4} can be realized by cascading 𝑖𝑀 identical

APFs.

A Radix-2 Algorithm For Forming N True-Time-Delay 
RF Beams at Complexity O(N logN)

Dr. Sirani Perera, Dr. Arjuna Madanayake, Udara de Silva, Viduneth Ariyarathna

• Group delay of the APF was calculated as 57 ps.
• Antenna spacing Δ𝑥=𝑐𝑇𝐺𝐷 𝑁, for 𝑁=4, Δ𝑥=68𝑚𝑚.
• The array factors have been simulated for 2.4, 2.0 and

1.6 GHz frequencies.

Simulated 5-Beams using 
Measured APF Data

Squint-Free Wideband 
IF Multi-Beamformer

CMOS All-Pass Filter

• True time delays were realized using CMOS analog all-
pass filters

• Low-complexity 9 beam IF beamformer using a 4-element array
can be realized using the same factorization technique.

• For a given TTD beamformer that forms a beam in the
direction φ measured from the array broadside where −90◦ ≤ φl

≤ 0◦, we can reverse the order of the antenna outputs that is
fed to a TTD beamformer to achieve a beam at −φl direction

• We use this concept to achieve 9 beams pointing at non-
uniformly spaced directions

• For operation in IF, DVM needs to be modified such that
𝛼 = 𝑒−𝑗𝜔𝐼𝐹𝜏 ∙ 𝑒−𝑗𝜔𝐶𝜏


