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Abstract— Communications at mm-wave frequencies and
above rely heavily on beamforming antenna arrays. Typically,
hundreds, if not thousands, of independent antenna channels are
used to achieve high SNR for throughput and increased capacity.
Using a dedicated ADC per antenna receiver is preferable but it’s
not practical for very large arrays due to unreasonable cost and
complexity. Frequency division multiplexing (FDM) is a well-
known technique for combining multiple signals into a single
wideband channel. In a first of its kind measurements, this paper
explores FDM for combining multiple antenna outputs at IF into
a single wideband signal that can be sampled and digitized using
a high-speed wideband ADC. The sampled signals are sub-band
filtered and digitally down-converted to obtain individual antenna
channels. A prototype receiver was realized with a uniform
linear array consisting of 4 elements with 250 MHz bandwidth
per channel at 28 GHz carrier frequency. Each of the receiver
chains were frequency-multiplexed at an intermediate frequency
of 1 GHz to avoid the requirement for multiple, precise local
oscillators (LOs). Combined narrowband receiver outputs were
sampled using a single ADC with digital front-end operating
on a Xilinx ZCU-1285 RF SoC FPGA to synthesize 4 digital
beams. The approach allows M -fold increase in spatial degrees
of freedom per ADC, for temporal oversampling by a factor of
M .

Index Terms—Analog-digital Conversion, Antenna Arrays,
MIMO Systems, Millimeter Wave Radio Communication

I. INTRODUCTION

Emerging mm-wave 5G/6G wireless communication sys-

tems will rely on multiple-input-multiple-output (MIMO) sys-

tems to achieve high capacity and high data-rates while over-

coming high path loses and challenging channel conditions

[1], [2]. Emerging systems, such as holographic massive

MIMO systems used in mmWave, will consist of hundreds

if not thousands of antenna elements at the access point

[3]–[6]. Maximum ratio combining with interference nulling
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is necessary and can be achieved using multi-beam digital

beamforming at the access point [7]. Fully digital techniques

provide the highest flexibility and allows the maximum de-

grees of freedom as required for maximum capacity. Digital

beamforming in antenna arrays has the best flexibility and

system capacity when compared to analog and analog-digital

hybrid alternatives [4], [8]–[13]. However, digital beamform-

ing also leads to the highest digital and microwave hardware

complexity because of the need for dedicated transceivers per

spatial channel (antenna) and the exclusive use of digital signal

processing (DSP) for all aspects of multi-beam beamforming

across all of the antennas [14]–[21]. For example, fully-digital

multi-beam beamforming and spatial interference nulling at

the access point receiver requires a dedicated wideband analog

to digital converter (ADC) for every antenna element, leading

to N ADCs for N elements in the array.

While emerging wireless concepts such as holographic

massive-MIMO requires access to a very large number of

ADCs, there has been promising growth in the integrated

mixed-signal-RF field which has focused on combining mul-

tiple ADCs with programmable logic on the same chip [6],

[22]–[28]. The best example is perhaps the advent of RF-

enabled digital field programmable gate arrays (RF-FPGAs),

such as the Xilinx RF system on chip (SoC) technology.

RF SoCs support the combined realization of programmable

digital fabrics with high-speed ADC/DAC on the same chip

[29]–[31]. Interestingly, RF SoCs have up to16 ADCs/DACs at

a bandwidth of more than 1 GHz per channel [32]. However,

today’s 5G system operating at 28 GHz aim at increasing

capacity by increasing the number of spatial channels, with

system bandwidths below 800 MHz [33]. A practical band-

width requirement per channel for a massive-MIMO based

systems may be in the sub-200 MHz range. Therefore, we

exploit the relatively high bandwidth of available ADCs in

order to increase the supported spatial channels (i.e., spatial

degrees of freedom) where each channel has relatively low

bandwidth requirements in comparison to ADC bandwidth.

Time division multiplexing (TDM), code-division multi-

plexing (CDM) [34]–[37] and frequency-division multiplexing

(FDM) are the three main techniques for combining multiple

analog streams into an over-sampled ADC with the objective

of ADC reuse over multiple spatial channels. In this case,
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Fig. 1. Implementation architectures for (a) TDM and (b) CDM based hardware reduction schemes.

we are employing FDM and multiplexing of multiple re-

ceiver channels into a single wideband signal with subsequent

digitization using a high-precision RF-ADC is a trade-off

between number of ADCs M and signal bandwidth B [38].

If the sample rate is Fs, then it follows that multiplexing

in the primary Nyquist zone is bounded by MB ≤ Fs/2.
The multiplexing of M antenna channels into a single ADC

allows M−fold increase in the supported independent spatial

channels on a single RF-SoC device.

This paper discusses the possibility of using FDM to mul-

tiplex M receiver antenna channels to a single ADC. The

proposed architecture was experimentally verified for a 4-

element uniform linear array (ULA) at 28 GHz [39].

II. COMPARISON OF TIME-, CODE-, AND

FREQUENCY-DIVISION SCHEMES

1) TDM: In TDM, antenna elements are periodically

switched to the same RF channel using a commutating analog

switch as shown in Fig. 1 (a). The switching rate has to be

greater than MB Hz, which in turn, leads to artifacts and non-

linearities in the signal due to practical constraints with real-

world RF switches. Since signal from each antenna is received

for 1/M duration of time, for an M−element system, this

approach exhibits a considerable amount of SNR degradation.

To overcome this, FDM and CDM based approaches can be

considered.

2) CDM: CDM solves the problem of switching artifacts

and non-linearities by modulating each channel using an

orthogonal code (shown in Fig. 1 (b), such as Walsh-Hadamard

(WH) codes [40], before summation and digitization in a

single ADC [34], [35]. The multiplexed channels are recovered

using cross-correlation.

On-site coding receiver (OSCR) is a recently proposed

approach [34]–[36] that facilitates the use of a single ADC

instead of using dedicated ADC for each antenna element. This

approach uses CDM concept to uniquely identify the signal

received by the corresponding antenna element as shown in

Fig. 1 (b). The receiver consists of a series of analog multipli-

ers to code the output from each receiver by multiplying with

a set of orthogonal, binary (typically WH) coded waveforms.
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Fig. 2. Architecture for an FDM based hardware reduction scheme.

Since these coding waveforms are orthogonal, coded outputs

from multiple receivers can be summed up without having

interference, such that the summed output can be sampled and

quantized using a single ADC. Once digitized, the original

channels can be recovered with minimal signal degradation

using auto-correlation digitally. SNR does not degrade in this

approach. Since every signal is coded with a unique code, this

approach is resilient to interference and jamming. Combina-

tion of multiple channels (M ) require M unique modulation

waveforms for coded down-conversation and sampling. The

bandwidth of these coded outputs extensively increases with

the length of the code. Therefore, the ADCs are required to

possess high sampling rates and support high bandwidths in

order for CDM to be applicable in wideband applications.

3) FDM: Signal received by each antenna is frequency

multiplexed into bands with different center frequencies in

this approach. FDM based approaches may use a single ADC

to process each shared group of channels, but strict filtering

is required to separate channels in the digital domain. We

propose FDM in multi-antenna access points with fully-digital

DSP beamforming. The proposed concept is verified using a

4-element prototype operating at 28 GHz using Xilinx RF SoC

ZCU-1285 where a discrete Fourier transform (DFT) is applied

spatially to achieve 4 orthogonal receive-mode RF beams at 28

GHz, thereby experimentally verifying M = 4− fold increase

in the number of supported spatial degrees of freedom per

ADC channel.
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Fig. 3. System overview of the prototype 28 GHz 4-element FDM array receiver with 240 MHz bandwidth per channel.

III. DESIGN OF FDM ARRAY RECEIVER

A. Multi-Stage Down-Conversion

The proposed system shown in Fig. 2 will employ FDM for

M antenna signals into an intermediate frequency (IF) channel

where each receiver is frequency translated to a known center

frequency using a two-stage down-conversion. In stage − 1,

a common local oscillator (LO) is employed to achieve bulk

down-conversion to the microwave band f0. Subsequently in

stage − 2, an M−array of different LOs provide frequency-

division multiplexed IF signals that are combined in the

analog/microwave domain after suitable passive filtering to

obtain the FDM signal that is sampled by a single ADC.

After sampling, the IF signal is processed using DSP where

FDM multiplexed signals are split into their corresponding

antenna channels in baseband using digital sub-band filtering.

Sub-band filtering is realized in a real-time DSP filterbank,

such as a polyphase finite impulse response (FIR) perfect-

reconstruction filterbank [41]. Sub-banded channels are finally

down-converted to baseband using a digital down-converter

(DDC) per channel. Towards this goal, a variety of DSP

filter topologies can be utilized for baseband signal recov-

ery. The recovered signals correspond to the M individual

antenna channels and are available for subsequent multi-beam

DSP beamforming, spatial interference nulling, computation

of channel state information (CSI) or any other MIMO signal

processing operation.

Major challenges involved with FDM realization include,

1) phase synchronization,

2) computation of phase offset term corresponding to the

element index,

3) calibration of analog/digital stage− 2 LO, and

4) increased digital hardware complexity.

Section III-B presents an extensive analysis on the impact

of the first three challenges and proposes an approach to

overcome them. Digital hardware complexity reduction is

achieved by designing optimized the poly-phase FIR filter

structures, which is discussed in section III-C.

B. Phase Synchronization and Frequency Locking

FDM across multiple antenna channels require synchroniza-

tion between the stage − 2 analog down-conversion and the

digital down-conversion to retrieve phase information from the

M channels. Here, we will discuss the mathematical reasoning

behind this requirement.

Consider a planar wave impinging on a M−element ULA

with an inter-element spacing of ∆x at a DOA of ψ. The

signal received by the kth antenna element rk(t) is given by

Eq. (1), where x(t) is the information bearing signal.

rk(t) = x(t− τk) cos(ωct− θk) (1)

Here, ωc = 2πfc where fc is the carrier frequency, θk =
ωcτk and τk = ∆x sinψ

c
(k − 1), c is the speed of light. Since

x(t−τk) ≈ x(t) for a narrowband signal, the signal pk(t), k ∈
[1, 2, . . . ,M ] at each of the kth receiver after the first down

conversion can be expressed as,

pk(t) = LPF {rk(t) cos(ω0t+ φ0)}

= K1x(t) cos[(ωc − ω0)t− φ0 − θk], (2)

where K1 is a constant dependent on the gain of the LPF

response and K1 = 1/2 for a unit gain filter. Here, ω0 =
2πf0 and the angle φ0 is the phase of the stage − 1 down-

converter LO at the initial time of consideration (i.e., t = 0).

For (ωc − ω0) = ω′, Eq. (2) is simplified as,

pk(t) = K1x(t) cos(ω
′t− θk − φ0). (3)

Assume there exists a temporal offset of t′k between the

stage−2 downconverter and the digital downconversion stage.

This t′k is caused by propagation delays and synchronization

issues between two systems. If the kth frequency division mul-

tiplexed output is qk(t) at the second stage of downconversion,

it is given by

qk(t) = LPF {pk(t) cos(ωk(t− t′k))}

= LPF







pk(t) cos




ωkt− 2π(ku+ v)t′k)

︸ ︷︷ ︸

kα+β+φk












. (4)

Since each of the kth frequency band in the FDM output has

a unique center frequency, the discrete frequency variable ωk
can be expressed as, ωk = 2π(ku + v) where (u, v) ∈ R.

Since t′k is a constant for a channel, we can find three angles

α, β, φk, such that, 2π(ku + v) = kα + β + φk, where 0 ≤
(α, β, φk) ≤ π. The angle φk is caused by the mismatch of

propagation delays and φk = 0; k = [1, 2, . . . ,M ] for equal
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length paths of propagation. The term kα + β is caused by

out of synchronization of analog FDM LOs and corresponding

digital downconverter LOs. Therefore,

qk(t) = LPF {K1x(t) cos(ω
′t− θk − φ0)

cos(ωkt− kα− β − φk)} (5)

= K2x(t) cos ((ω
′ − ωk)t− θk + φk

+ kα+ β − φ0
︸ ︷︷ ︸

φ

) (6)

Equation (6) shows that the phase shift has a linear de-

pendency on the array index k, in addition to the phase shift

caused by the inter-element propagation delay θk, for equal

length (i.e., φk = 0) propagation. The digital beamforming

core takes θk into account, and the φ parameter could be

eliminated by calibration. Yet, the kα term still remains and

causes an additional, progressive phase offset between each of

the downconverted channels. Frequency mismatches and addi-

tional phase offsets have considerable effects in beamforming

applications. consequently, use of frequency locked oscillators

allow the digital downconverter to bring FDM channels down

to the same frequency as required by the digital beamformer.

In order for the proposed approach to be used in beamforming,

it is required to eliminate the kα term from the equation.
This can be achieved by the use of the same LO samples in

the digital downconverter to generate the stage−2 LO signal

to ensure synchronization. This requires the operation of both

ADC and the DAC using the same clock. A calibration stage is

required between the DAC oscillator and the digital downcon-

verter to compensate for the phase offset term corresponding

to the element index (i.e.,(kα+ φ1 + φ2) term).
The complex calibration coefficient Ck = Ake

−j[φ+kα]

is determined by a test downconversion measurement at the

broadside, and this value can be used to compensate for the

issues caused by different cable lengths and RF components as

shown in Fig. 3. Finding the Ck values using an oscilloscope

before sampling is challenging, since all the M inputs are

combined at the ADC input. Therefore, Ck needs to be set to

(1+0j) for all k in the initial design and corresponding phase

and magnitude offsets of the digitally downconverted (DDC)

signals are measured at the broadside. To compensate for

these magnitude mismatches and the phase offsets, calibration

coefficients are updated and the digital design is regenerated.

C. DDC and FIR Filtering

High sampling rates of ADCs (GSamples/s) can provide

billions data samples per second. However, the operation

frequency of digital hardware is limited due to certain timing

restrictions as dictated by the critical path delay (CPD) in the

design. Complex designs introduce larger CPDs to the system,

which leads to a reduction of the operable clock frequency

and these designs often run at few hundreds of MHz rates.

Therefore, it is required to have a parallel processing system

to process multiple samples at each digital hardware clock

cycle. In practice, high speed ADCs in an RF chain (shown

in Fig. 4(a)) provide a polyphase data stream as shown in

Fig. 4(b). A a−phase system, the ADC provides a samples at

each digital hardware clock cycle as illustrated. Therefore, it

is required to follow a polyphase architecture in implementing

desired filter structures.

Use of polyphase ADCs and implementation of the FIR

filterbank in polyphase results in lower clock rate requirement

for sampling and siganl processing. Derivation of polyphase

filter function follows an approach similar to radix factorizing

in discrete Fourier transform implementations. Assuming an

ADC of a channels with an fs/2 sampling clock is used and

the Kth-order FIR filter with a Z domain transfer function

H(z) is given by coefficients b:

y[n] =

K∑

k=0

b[k]x[n− k]. (7)

By factorizing Eq. (7), polyphase filter functions for a phases

can be derived as;

y[n] =

H0
︷ ︸︸ ︷

K/a
∑

k=0

b[ak]x[a(n− k)]

+

H1
︷ ︸︸ ︷

K/a
∑

k=0

b[ak + 1]x[a(n− k) + 1]

+ · · ·+

K/a
∑

k=0

b[ak + a− 1]x[a(n− k) + a− 1]

︸ ︷︷ ︸

Ha−1

. (8)

The filterbank can be implemented in polyphase as shown in

Fig. 4(b). It should be noted that, the output data stream from

each of phase is undersampled by a factor of a and, the set of

a phases reconstruct the total response together by providing

a sets of outputs at every digital clock period. However, as

the same filter is repeated a times, the hardware complexity

for polyphase structures increases by a factor of a. Designing

FIR filters in the digital domain and determining the guard

band (Bg) carry a tradeoff between the system bandwidth

and hardware complexity. We aim to pack as many frequency

bands in the spectrum with the smallest possible guard band.

FIR filter implementations to filter closely packed frequency

bands require high order “brick-wall filter” like structures.

Poly-phase implementations of FIR filters require extensive

hardware resources. We employed the Xilinx SSR blockset

for Xilinx RF-SoCs. For synchronization, both the DAC and

the ADC use a common clock signal.
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LNA

receiver array

Xilinx RFSoC
ZCU−1285

downconversion

stage−1 LO controller

stage−1

mixers

LNA

to ADC

synthesizer

28 GHz upconverter

horn antenna

Valon 5015
frequency

synchronized clock

for ADC and DAC

LO1

(a)

pk(t)

LO2,k

28 GHz 4−element
(b)

(c)

Fig. 6. Experimental setup used for Digital FDM multi-beam measurements. (a) 28 GHz 4−element receiver array supported by FDM down-conversion stage,
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D. Test-Bed Validation of FDM-Digitization

A bank of M phase- and frequency-locked oscillators are

used to frequency translate inputs at known frequency offsets.

The proposed FDM architecture is shown in Fig. 3. Here

stage − 2 oscillators are required to be synchronized using

a stable low-jitter reference clock via a bank of integer-N
frequency synthesizers with each other as well as with the dig-

ital down-conversion clock. To achieve precise synchronized

samples, we use an RF-SoC DAC to generate LO2 while using

the same sampling clock for both the ADC and the DAC. A

double-sided signal bandwidth of B = 240 MHz per receiver,

each designed for 28 GHz operation, have been assumed. The

double-sided bandwidth of 4 frequency multiplexed channels

with a 10 MHz guard band (Bg) per channel is 1 GHz.

In the next stage (stage − 2), the IF signals are down-

converted to the required IF for sampling, centered at LO2,k =
250k − 125 MHz, where k = 1, 2...M . LO frequencies of

125, 375, 625, and 875 MHz are then applied to each of

the antennas to translate the received signals to 875, 625,

375, and 125 MHz center frequencies, respectively. These IF

components are fed into a combiner to create the FDM signal.

Note that the FDM “baseband” can be sampled using a single

ADC and the subsequent digital signal can be filtered, down-

converted, and subjected to a Hilbert transform to obtain the

quadrature component. The inter-band frequency guard bands

Bg are needed for accommodating finite order FIR filtering

in the digital domain. The output from this second stage
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analog down-conversion is fed to the ADC and sampled at

Fs = 2 GHz sampling rate.
Figure 5 a) shows the sampled spectrum for M = 4 FDM

channels each having a 250 MHz bandwidth (i.e., including

Bg). Simulations have used a combination of 32 tones with

240/32 = 7.5 MHz space to generate the wideband signal,

such that
∑16
n=1 cos(2π(fk ± 7.5n)t) for k = 1, 2, 3, 4. DDC

leads the aliased image components to fall back into the same

Nyquist zone. Highly-selective FIR low-pass digital filters of

order 70 were applied to filter out the image components from

each of the antenna spectra. The simulation of DDC shows the

filtered spectrum in Figs. 5 (b-e).

E. Digital FDM Multi-Beam Measurements

The proposed digital FDM concept is verified through

measurements by using a prototype experimental setup shown

in Fig. 6. A four-element patch antenna array operating in

the frequency range of 27.5-28.35 GHz designed in [42] is

employed for this work. Each patch antenna is an 8-element

series fed patch sub-array. Series-feeding structure provides

additional gain in the elevation plane and also by tapering the

patch widths, we can significantly reduce the side-lobe levels.

Following the analysis described in [43] and wavelength-apart

series-fed analysis in [44], design dimensions for each patch

were calculated for the board specifications shown in Table I.

The sub-array is designed in CST antenna simulation software.

The dimensions for each patch are shown in Table II, and

its geometry is shown in Fig. 7 (a). Matching to the 50 Ω
feed is based on a quarter-wave transformer. Completed details

about the design can be found in one of our recent works

[45]. Simulated and measured results for |S11| are shown in

Fig. 7(b), whereas far-field patterns (vertical plane) are shown

in Fig. 8. The proposed antenna resonates at 28.25 GHz with a

return loss of 27.41 dB. Measured realized gain pattern of the

sub-array coincides with the simulation at 28 GHz. Notably,

the antenna was measured in an anechoic chamber and the

pattern in Fig. 8. The tapered array results in a SLL less than

−18 dB, compared to −13 dB for uniform excitation. The 4-

element ULA is built using four sub arrays with a separation

Measur edSimulated

Realized Gain (dBi)

Fig. 8. Comparison of measured and CST-simulated polar pattern of the sub-
array at 28 GHz. Note that the polar pattern is along the axis of the array i.e.,
in the elevation plane.

TABLE I
SPECIFICATIONS FOR THE PATCH ANTENNA DESIGN

Frequency (f0) 28 GHz
Substrate RO4350B

Dielectric constant (ǫr) 3.66
Dielectric height (h) 0.254 mm

TABLE II
DIMENSIONS FOR THE PATCH ANTENNA DESIGN

Patches 1st, 8th 2nd, 7th 3rd, 6th 4th, 5th

Width 1.55 2.06 2.59 3.12
Length 2.81 2.77 2.74 2.72

From stage 1 From stage 1
down conv.down conv. ADC

mixers
Stage 2

To

125 MHz375 MHz 875 MHzLPF

Combiner

625 MHz

Stage 2
mixers

Fig. 9. Down conversion stage − 2 setup for 4 element, 28 GHz antenna
array.

of 0.75 wavelengths (8.0 mm at 28 GHz) which is employed

for this measurement.

Following this, the down conversion stage − 1 for each

of the 28 GHz receiver antennas are using Analog De-

vices EVAL01-HMC1065LP4E [46] module containing the

HMC1065 chips. The experimental validation requires an

initial measurement to calibrate the phases of each of the RF

channels and synchronize fk with DDC LO. Therefore, a pilot

tone is transmitted at 28 GHz and the antenna array is used to

receive the signal at a DOA of 0o measured from the broadside.

Each EVAL01-HMC1065LP4E RF receiver contains an

internal frequency doubling circuit in the LO path of the

first down-conversion stage. National instruments RF signal

generator was used to generate the first LO signal of 13.5 GHz,

yielding an LO of 27 GHz. The 1 GHz centered IF signals

resulted from mix-down operation are low pass filtered for

image-rejection and noise suppression, and passed to the
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Fig. 10. Retrieved carrier signals digitally down-converted to baseband having SINR ≈ 15 dB.
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Fig. 11. Simulated and measured beams at 28 GHz using digital real-time beamforming using a single ADC to sample 4 independent channels with each
channel shown in each plot above. Simulated beams are generated from Matlab fixed point simulations.

second down-conversion stage as shown in Fig. 9.

RF-SoC DACs were used to generate the four phase and

frequency synchronized LO frequencies that are needed for

the stage − 2 down-conversion. Frequency translation at the

second stage, down-converts antenna outputs to different cen-

ter frequencies such that, corresponding narrowband signals

of 4 antennas are visible at 125 MHz, 375 MHz, 625 MHz,

and 875 MHz. Four MiniCircuits commercial-off-the-shelf

(COTS) RF mixer ZX05-12MH-S+ was used in stage − 2
followed by VLF-180, VLF-400+, VLF-630+, and VLF-800

LPFs respectively. These LPFs were chosen to have sufficient

attenuation to suppress the effect of second order harmonic

of the corresponding FDM channel. COTS combiner ZFRSC-

4-842-S+ was used to combine four FDMed RF channels

together.

After the stage− 2 downconversion, outputs are combined

and sampled at 2 GS/s to obtain the spectrum shown in

Fig. 5 (f). Xilinx ZCU-1285 shown in Fig 6 (c) is used to

sample the input, DDC and FIR filtering. Since the digital

hardware is designed to run using a 250 MHz clock, samples

at 2 GS/s are processed using a 8-phase multi-rate DSP

implementation (i.e., a = 8). Samples arriving from the ADC

are then digitally down-converted to a lower IF (10 MHz in

this case) and then lowpass filtered to retrieve the spectra.

Downconversion plots shown in Fig. 10 carry information

on the frequency and the magnitude. Measurements show an

SINR of approximately 15 dB, which is an artifact of the

measurement setup and LPF gains.

A digital spatial FFT was used to generate multiple beams.

The RF source DOA was swept from −π/3 ≤ ψ ≤ π/3
(measured from the broadside) to obtain spatial beam patterns.

MATLAB was used to generate the simulated beam pattern for

a 4−element antenna array with ∆x = 0.75λ spacing between

antenna elements, and measured RF received beams are plotted

with their corresponding simulated beams in Fig. 11. An ideal

digital beamformer is expected to have the beam pattern shown

(black), whereas the measured beam pattern (red) is observed

to show the desired array factor with some deviations in the

sidelobes. The 4-beam beamformer is operating as expected

but there is deviation in the sidelobes, most likely due to re-

flections in the measurement area (we were unable to access a

sufficiently large anenoic chamber due to pandemic restrictions

within the last six months and therefore the measurements

were conducted in an indoor open space that may suffer from
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unexpected reflections).
The same mixer is used in all 4 RF channels in the

stage − 2 downconversion and LPFs were chosen carefully

to reduce the effect of second and third order harmonics,

which is the primary determinant of the SINR in this system.

Second order harmonic for 125 MHz and 250 MHz channels

lie closer to the passband and the filter roll-offs of chosen

COTS are not sufficient to completely block the prominence

of intermods and harmonics. In addition, implementation of

two cascaded downconversion stages may combine the noise

figures of active and passive elements, in both stages leading to

a lower SINR. Effects of such non-idealities can be reduced by

choosing steeper LPFs at a tradeoff with the cost. Extension of

the implemented system to larger values of M , say M = 16,

could achieve greater savings from a cost standpoint for

implementing massive-MIMO at scale for large arrays.

IV. CONCLUSION

The requirement for large numbers of independent ADC

channels is a bottleneck for the implementation of mm-

wave massive-MIMO. RF-SoCs are FPGA devices with inbuilt

ADCs and DACs for reconfigurable MIMO applications. M-

number of antenna signals were multiplexed in the frequency

domain and sampled using a single ADC to increase the

number of antennas per RF SoC by a factor of M. The

largest available RF for-SoC device from Xilinx at the time of

submission facilitates 16 ADCs per chip. Frequency division

multiplexing was proposed to reduce ADC counts in the

receivers in order to facilitate large massive-MIMO arrays

receiver. The M-fold FDM allows 16M independent receive

streams using a single RF-SoC and without compromising

spatial degrees of freedom. The proposed architecture was

verified using only a single ADC (of the 16 total available)

for an example array containing 4-elements operating at center

frequency of 28 GHz. A single-ADC was demonstrated to

furnish 4 independent FFT-beams using Xilinx ZCU-1285 RF-

SoC platform. Measurements of the receive far-field DFT-

beam patterns verified 240 MHz of bandwidth per channel

at an SINR of 15 dB. By extension, had all 16 ADC channels

in the RF-SoC platform were to be used, the proposed method

is seen to furnish 64 independent antenna/receivers and their

corresponding 64 independent spatial channels compared to

the traditional 16 channels thereby providing an enabling

technology for future massive MIMO receivers.
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[14] R. W. Heath, N. González-Prelcic, S. Rangan, W. Roh, and A. M.

Sayeed, “An overview of signal processing techniques for millimeter
wave MIMO systems,” IEEE Journal of Selected Topics in Signal

Processing, vol. 10, no. 3, pp. 436–453, April 2016.
[15] W. Zhang, X. Xia, Y. Fu, and X. Bao, “Hybrid and full-digital beam-

forming in mmWave massive MIMO systems: A comparison considering
low-resolution ADCs,” China Communications, vol. 16, no. 6, pp. 91–
102, 2019.

[16] V. A. Coutinho, V. Ariyarathna, D. F. G. Coelho, R. J. Cintral, and
A. Madanayake, “An 8-beam 2.4 GHz digital array receiver based on
a fast multiplierless spatial DFT approximation,” in 2018 IEEE/MTT-S

International Microwave Symposium - IMS, 2018, pp. 1538–1541.
[17] S. Pulipati, V. Ariyarathna, and A. Madanayake, “A 16-element 2.4-

GHz digital array receiver using 2-D IIR spatially-bandpass plane-wave
filter,” in 2018 IEEE/MTT-S International Microwave Symposium - IMS,
2018, pp. 667–670.

[18] A. Madanayake, V. Ariyarathna, S. Madishetty, S. Pulipati, R. J. Cintra,
D. Coelho, R. Oliveira, F. Bayer, L. Belostotski, and S. M. T. Rappaport,
“Towards a low-SWaP 1024-beam digital array: A 32-beam sub-system
at 5.8 GHz,” IEEE Transactions on Antennas & Propagation, 2018, to
Appear.

[19] S. K. Pulipati, V. Ariyarathna, A. Madanayake, R. T. Wijesekara, C. U. S.
Edussooriya, and L. T. Bruton, “A 16-element 2.4-GHz multibeam array
receiver using 2-D spatially bandpass digital filters,” IEEE Transactions

on Aerospace and Electronic Systems, vol. 55, no. 6, pp. 3029–3038,
2019.

[20] A. Madanayake, R. J. Cintra, N. Akram, V. Ariyarathna, S. Mandal,
V. A. Coutinho, F. M. Bayer, D. Coelho, and T. S. Rappaport, “Fast
radix-32 approximate DFTs for 1024-beam digital RF beamforming,”
IEEE Access, vol. 8, pp. 96 613–96 627, 2020.

[21] V. A. Coutinho, V. Ariyarathna, D. F. G. Coelho, S. K. Pulipati, R. J.
Cintra, A. Madanayake, F. M. Bayer, and V. S. Dimitrov, “A low-SWaP
16-beam 2.4 GHz digital phased array receiver using DFT approxima-
tion,” IEEE Transactions on Aerospace and Electronic Systems, vol. 56,
no. 5, pp. 3645–3654, 2020.

[22] B. S. Ramesh Harjani, Cognitive Radio Receiver Front-Ends. Springer
New York, 2013.

[23] M. Huang, T. Chi, S. Li, T. Huang, and H. Wang, “A 24.5–43.5 GHz
ultra-compact CMOS receiver front end with calibration-free instan-
taneous full-band image rejection for multiband 5G massive MIMO,”
IEEE Journal of Solid-State Circuits, vol. 55, no. 5, pp. 1177–1186,
2020.



NAJATH AKRAM ET AL.: PREPARATION OF PAPERS FOR IEEE TRANSACTIONS AND JOURNALS 9

[24] M. Tabesh, J. Chen, C. Marcu, L. Kong, S. Kang, E. Alon, and
A. Niknejad, “A 65 nm CMOS 4-element sub-34 mW/element 60
GHz phased-array transceiver,” in 2011 IEEE International Solid-State

Circuits Conference, 2011, pp. 166–168.
[25] Y. S. Yeh and B. A. Floyd, “Multibeam phased-arrays using dual-vector

distributed beamforming: Architecture overview and 28 GHz transceiver
prototypes,” IEEE Transactions on Circuits and Systems I: Regular

Papers, pp. 1–14, 2020.
[26] O. Zetterstrom, C. I. Kolitsidas, B. L. G. Jonsson, and A. A. Glazunov,

“A 28-port MIMO cube for micro base station applications,” IEEE

Transactions on Antennas and Propagation, vol. 68, no. 5, pp. 3443–
3452, 2020.

[27] A. O. Martinez, J. Ø. Nielsen, E. De Carvalho, and P. Popovski, “An
experimental study of massive mimo properties in 5g scenarios,” IEEE

Transactions on Antennas and Propagation, vol. 66, no. 12, pp. 7206–
7215, 2018.

[28] R. Zhao, T. Woodford, T. Wei, K. Qian, and X. Zhang, “M-cube:
a millimeter-wave massive MIMO software radio,” in Proceedings of

the 26th Annual International Conference on Mobile Computing and

Networking, 2020, pp. 1–14.
[29] B. Farley, J. McGrath, and C. Erdmann, “An all-programmable 16-nm

RFSoC for Digital-RF communications,” IEEE Micro, vol. 38, no. 2,
pp. 61–71, Mar 2018.

[30] B. Farley, C. Erdmann, B. Vaz, J. McGrath, E. Cullen, B. Verbruggen,
R. Pelliconi, D. Breathnach, P. Lim, A. Boumaalif, P. Lynch, C. Mesadri,
D. Melinn, K. P. Yap, and L. Madden, “A programmable RFSoC in
16 nm FinFET technology for wideband communications,” in 2017 IEEE

Asian Solid-State Circuits Conference (A-SSCC), Nov 2017, pp. 1–4.
[31] S. Pulipati, V. Ariyarathna, A. Dhananjay, M. E. Eltayeb, M. Mezzavilla,

J. M. Jornet, S. Mandal, S. Bhardwaj, and A. Madanayake, “Xilinx RF-
SoC-based digital multi-beam array processors for 28/60 GHz wireless
testbeds,” in 2020 Moratuwa Engineering Research Conference (MER-

Con), 2020, pp. 254–259.
[32] “Zynq UltraScale+ RFSoC: Direct-RF signal chain features,”

2020. [Online]. Available: https://www.xilinx.com/products/silicon-
devices/soc/rfsoc.html [Accessed: 2020-10-25]

[33] 3GPP, “Release description; Release 15,” 3rd Generation
Partnership Project (3GPP), Technical Specification
(TS) 21.915, Mar. 2018. [Online]. Available:
https://portal.3gpp.org/desktopmodules/Specifications/SpecificationDetails.aspx?specificationId=3389

[34] E. A. Alwan, A. Akhiyat, M. LaRue, W. Khalil, and J. L. Volakis, “Low
cost, power efficient, on-site coding receiver (OSCR) for ultra-wideband

digital beamforming,” in 2013 IEEE International Symposium on Phased

Array Systems and Technology, Oct 2013, pp. 202–206.
[35] S. Bojja Venkatakrishnan, D. K. Papantonis, A. A. Akhiyat, E. A. Alwan,

and J. L. Volakis, “Experimental validation of on-site coding digital
beamformer with ultra-wideband antenna arrays,” IEEE Transactions

on Microwave Theory and Techniques, vol. 65, no. 11, pp. 4408–4417,
Nov 2017.

[36] S. B. Venkatakrishnan, A. Akhiyat, E. A. Alwan, W. Khalil, and J. L.
Volakis, “Realization of a novel on-site coding digital beamformer using
FPGAs,” in 2014 USNC-URSI Radio Science Meeting (Joint with AP-S

Symposium), July 2014, pp. 196–196.
[37] Y. C. Eldar, Sampling Theory. Cambridge University Press, 2017.
[38] K. Greene, V. Chauhan, and B. Floyd, “Code-modulated embedded test

for phased arrays,” in 2016 IEEE 34th VLSI Test Symposium (VTS),
2016, pp. 1–4.

[39] N. Akram, “Digital and mixed domain hardware reduction
algorithms and implementations for massive MIMO,” Ph.D.
dissertation, Florida International University, 2020. [Online]. Available:
https://digitalcommons.fiu.edu/etd/4548/

[40] “Walsh-Hadamard code.” [Online]. Available:
https://wiki.cse.buffalo.edu/cse545/content/walsh-hadamard-code
[Accessed: 2020-10-14]

[41] P. P. Vaidyanathan, Multirate systems and filter banks. Pearson
Education India, 2006.

[42] S. Pulipati, V. Ariyarathna, U. De Silva, N. Akram, E. Alwan,
A. Madanayake, S. Mandal, and T. S. Rappaport, “A direct-conversion
digital beamforming array receiver with 800 MHz channel bandwidth at
28 GHz using Xilinx RF SoC,” in 2019 IEEE International Conference

on Microwaves, Antennas, Communications and Electronic Systems

(COMCAS). IEEE, 2019, pp. 1–5.
[43] C. A. Balanis, Antenna theory: analysis and design. John Wiley &

Sons, 2016.
[44] R. A. Sainati, CAD of microstrip antennas for wireless applications.

Artech House, Inc., 1996.
[45] S. Pulipati, V. Ariyarathna, U. De Silva, N. Akram, E. Alwan,

A. Madanayake, S. Mandal, and T. S. Rappaport, “A direct-Conversion
digital beamforming array receiver with 800 MHz channel bandwidth at
28 GHz using Xilinx RF SoC,” in 2019 IEEE International Conference

on Microwaves, Antennas, Communications and Electronic Systems

(COMCAS). IEEE, 2019, pp. 1–5.
[46] Analog Devices, GaAs MMIC I/Q Downconverter HMC1065LP4E.

[Online]. Available: https://www.analog.com/media/en/technical-
documentation/data-sheets/hmc1065.pdf [Accessed: 2020-10-06]



NAJATH AKRAM ET AL.: PREPARATION OF PAPERS FOR IEEE TRANSACTIONS AND JOURNALS 10

Najath Akram (S’12-M’20) earned his B.Sc. in
Electrical and Information Engineering from Uni-
versity of Ruhuna, Sri Lanka in 2016 and his
Ph.D. in Electrical and Computer Engineering from
Florida International University in 2020, focusing
on digital and mixed domain hardware complexity
reduction algorithms and implementations for mas-
sive MIMO. Dr. Akram’s research interests include
multi-dimensional signal processing, RF systems
design and antenna array processing. He has been
a Tau Beta Pi member since 2019.

Arjuna Madanyake is a Tenured Associate Profes-
sor of Electrical and Computer Engineering (ECE)
at Florida International University (FIU) located
in Miami, USA. Before joining FIU, he was a
Tenured Associate Professor at the Dept. of ECE at
the University of Akron, in Ohio. Dr. Madanayake
completed his Ph.D. and M.Sc. both in Electrical
Engineering from the University of Calgary, Canada,
and the B.Sc. in Electronic and Telecommunication
Engineering [with First Class Honors] from the
University of Moratuwa, Sri Lanka. His research has

been sponsored by National Science Foundation (NSF), National Institute
of Health (NIH), Office of Naval Research (ONR) and Defense Advanced
Research Projects Agency (DARPA) through multiple awards in the recent
past.

Sravan Pulipati is a PhD candidate and Research
Scholar at Florida International University (FIU). He
received his B.Sc degree in Electronics and Com-
munication Engineering from Kakatiya University,
India in 2014. Right away, he moved to United
States to pursue M.Sc degree in Electronics and
Computer Engineering from University of Akron,
and also continued PhD studies before he happened
to transfer to FIU in 2018. Since 2015, he is an active
research member of the Advanced Signal Processing
Circuits lab under the supervision of Dr. Arjuna

Madanayake. His research interests include mixed-signal processing, digital
communications, RF transceivers, EM modeling/circuit simulation, digital
logic design, and VLSI. He has abundant expertise in developing wireless
RF testbeds used for validating novel algorithms implemented on an FPGA
(Virtex-6, Virtex Ultrascale, Ultrascale+ RF SoC).

Viduneth Ariyarathna [M’20] is currently an As-
sociate Research Scientist at the Institute for the
Wireless Internet of Things at Northeastern Uni-
versity. He completed the B.Sc. in Electronic and
Telecommunication Engineering, from the Univer-
sity of Moratuwa, Sri Lanka in 2013 and the M.Sc.
in Electrical Engineering from the University of
Akron, OH, USA, in 2016. In 2019, he received
the Ph.D. degree in Electrical Engineering from
Florida International University, FL, USA focusing
on low complexity multibeam beamforming circuits

for millimeter-wave communication systems. His main research interests

Satheesh Bojja Venkatakrishnan (S’13 – M’18)
was born in Tiruchirappalli, India, in 1987. He
received his Bachelor’s degree in electronics and
communication engineering from the National In-
stitute of Technology, Tiruchirappalli, in 2009, and
graduated with his M.S. and Ph.D. degrees in elec-
trical engineering from the Ohio State University
(OSU), Columbus, OH, in 2017. He was a Scientist
for DRDO, India from 2009 to 2013, working on
the development and implementation of active elec-
tronic steerable antennas. He is currently a Research

Assistant Professor with Electrical and Computer Engineering at Florida
International University. His current research includes receiver design for
communication circuits, RF systems, and digital signal processing using
FPGAs. He is also working on Simultaneous Transmit and Receive System
(STAR), to improve the spectral efficiency.

Dr. Bojja Venkatakrishnan was an IEEE Electromagnetic Theory Sympo-
sium (EMTS-2019) Young Scientist Award recipient. He won the 2nd prize in
International Union of Radio Science General Assembly and Scientific Sym-
posium (URSI-GASS) student paper competition held at Montreal, Canada
in Aug 2017. He also received Honorable Mention in the student paper
competition at the IEEE Antenna and Propagation Symposium (AP-S/URSI)
in 2015 and 2016, and the Student Fellowship Travel Grant Award at the U.S.
National Committee for the International Union of Radio Science (USNC–
URSI) in 2016 and 2017. He has been a Phi Kappa Phi member since 2015,
and is also an Associate member of USNC–URSI.

Dimitra Psychogiou (S’10– M’14–SM’19) received
the Dipl.-Eng. degree in Electrical and Computer
Engineering from the University of Patras, Patras,
Greece, in 2008, and the Ph.D. degree in Elec-
trical Engineering from the Swiss Federal Insti-
tute of Technology (ETH), Zürich, Switzerland, in
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