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Software-Defined Radio

« Example of Wireless Transceiver SoC

A Low-Cost Scalable 32-
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Abstract— Thh paper presents a scalable w« 1z phased-array
wultable for
links based on lmlr«lnmurl 2x2) lvlnhmillm'rln (TRX) quad-
core chips iGe BICMOS with flip-chip packaging. Each
chamnel of the quad beamformer chip has 4.6-dB noise
figure (NF) I the receive (RX) mode and 10.5-dBm output
1-dB compression point (OP1AB) in the transmit (TX) mode with
6-bit phase control and 14-dB gain control. The phase change
with gain control s only £3", allowing orthogonality between
the variable gain amplifier and the phase shifter. The chip has
high RX Hnearity (IP1dB = —22 dBmvchannel) and con
130 mW in the RX mode and 200 mW in the TX mode at
. Advantages of the scalable all-RF beamforming
architecture and clrcuit design technlques are discussed n detall.
w l sed- ys are demonstrated with detail
nts using a single or eight of
o core chips on a low-cost printed cir
with microstrip antennas. The dement array achleves an
effective isotropic radiated power (EIRP) of 43 dBm at
2 45-dBm saturated EIRP and a record-level system NF of
when the beamformer loss and transcelver NF are takes
account and ca 0 S5 In et pud 225" (& eatln
with < —12.dB sidelobes and without any phase
calibration. A wireless link is dem:
phased-arrays with a state-of-th
in & single beam using 16-QAM waveforms over all
at a link distance of 300 m.

Index Terms—28-GHz, ming, data link, error
megnitude. (EVM) IIIlIn:vlurJllmn 56, Mipechip, Kaband,
m-wave, mullph iple-output (MIMO), ~phased-
enna, quadrature ampli-

ransmitter.
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ibis data to several users at a link distance on the

deliver
order of hundreds of meters.

ecentl
array-based

. there have been several demonstrations of phased-
inks in the mm-wave bands [4]-17]. All of
the rely on an all-RF bea g architec-
e for reduced power consumption due (0 the elimination of
a mixer for each channel (for LO o IF beamforming), reduced
complexity by eliminating the LO distribution network to
several chips and the ability to cancel any
out-of-beam interferer before the mixer (at the sum point),
[13], (14]. The antennas
can be plac ruted on the PCB [5]-{8].
and the beamformer core chip may include the RF front end
only [4] or. for a large number of channels on-chip, include
the up-/downconversion mixers and synthesizers in addition to
the RF front end [S]-{8]

This paper expands on [15] and presents a 32-clement
(4 x 8) 28-GHz phase

resulting in h

tions based on 2x2 heamfc

ner core chips. Section 11 presents
architecture and Section [ presents
lement array. Circuit blocks and
¢ presented in Section IV, Section V
ts the system measurements of 2 x 2 and 4 x § amays
Section VI concludes this paper.

11, 5G PHASED-ARRAY TRANSCEIVER ARCHITECTURE

The sealable 28-GHz phased-array architecture used in this
work is shown in Fig. | and is based on 2 x 2 transmitfreceive
(TRX) beamformer chips which are flipped on one side of
a PCB with the antennas placed on the other side. Each
chip contains four TRX cf nd gain con
trol implemented using rehitecture
Since the core chip contains only four elements. & separate
transceiver chip is designed for up-/downconversion to an IF

may only require 16-32 elements. This architecture allows
both 1o be implemented using the same silicon beamforme
chip. Note th chip solution with an integrated
transceiver [8] may be preferable for cell phones due 1o its
reduced form factor if 8-16 elements are required

architecture results in a more robust
orm heat distribution over the aperture. If one
of the core chips does not work or underperforms, this results
in a loss of only four elements out of 32-256 elements and will
have minimal impact on the system performance compared
with the loss of a chip with 16 channels. This architecture
also spreads out the he: nerated mostly by the power
m\plllhr\ (PAs), over the aperture instead of confining it to
chip at the center of the array. This makes it
asier 10 cool the array resulting in a more obust

performance
Fourth. the 2 x 2 beamformer chips can be directly flipped

on the PCB without a multi-layer laminate interposer due to
the reduced number of VO ports compared with & phased-
array chip with larger number of elements. This also results
in & lower cost PCB with a reduced number of layers, since
the routing complexity is minimal and there is no LO or IF
distribution networks o several chips in the phased-arra

the phased-armay front-end chip
vlmmlm
In this paper. both chips have been designed in the TowerJazz
SBCISH3 SiGe BICMOS process [16], but this two-chip
solution allows for different IC processes (o be used for the
beamformer chip and the transceiver chip. For example, the RF
beamformer can be designed in SiGe for increased output
power, reliability, and low-NF, whereas the transceiver chip
can be designed in highly ed CMOS and can incorporate
the baseband functionality as well. Also, 2 multi-pole filter
with a sharp rejection response can be placed before the

«. | A Low-Cost Scalable 32-Element 28-GHz Phased Array Transceiver for 5G
Communication Links Based on a 2 x 2 Beamformer Flip-Chip Unit Cell
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tcerel quadcore chips in SiGe BiCMOS with flip-chip packaging. Each channel of the quad-core

' output 1-dB compression point (OP1dB) in the transmit (TX) mode with 6-bit phase control
and 14-dB gain control. The phase change with gain control is onlyx3°, allowing
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Software-Defined Radio

« Example of Wireless Transceiver SoC
— Frequency: 28GHz
— Beamforming

— Scalable T/Rx

2.5 mm

Digital Control Iger

T/R Swuch

Global

sy

IN/OUT
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Software-Defined Radio

« Example of wireless transceiver
— Systematic Design: Link Budget

— How much power will be delivered?

— How much will the signal be distorted?

B = a : VGA L
Port 1 S '
o<, - }, ' Port 2
%é 4 VGA AD 3
SE RX | TX DE | 4:1
spot| "NA | VM | vea | vea | P2 | spoT| wilk, | Balun
Gain (dB)| 1.5 [163 [ 1.0 | 82 [ 113 [141] 16 [ <11 | -1.1
NF@B)| 1.5 | 27 [12.0 | 3.3 36 | - | 1.6 | 1.1 | 14
IPigs(dBm)| 15 | -19 7 -5 7 1| 18 — —
i gms
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Software-Defined Radio

« Example of Wireless Transceiver SoC
— How much the signal will be distorted by nonlinearity?

Original signal

10 +
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n n H n H n —— Nonlinearity-applied
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=
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Software-Defined Radio

« Why Software-Defined Radio?
» Conventional Transceiver Prototyping
« Hardware-dependent development

REMI LAB v,



Software-Defined Radio

« What is Software-Defined Radio?
* Modern Transceiver Prototyping using SDR

https://www.ni.com/ko-kr/innovations/white-papers/14/5g-massive-mimo-testbed--from-theory-to-reality--.html
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Software-Defined Radio

« What is Software-Defined Radio?
» Software defines how to transmit and receive "signal”
* It can work with cellphone, wi-fi, bluetooth, radar,... anything

A it 2 (@] ]
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Software-Defined Radio

« What is Software-Defined Radio?
« MATLAB (Simulink), LabVIEW, GNU Radio, C++/C#, Python, ...
Windows, Linux, Mac, embedded platforms (Raspberry Pi, ...)

(
Baseband Waveform RF Signal Generation ((
Generation

‘ MATLAB
&
LTE Toolbox™ :
PySDR: A Guideto ¢ er\wARE-DEFINED
SDR and DSP RADIO for ENGINEERS
using Python AN CouNS

DIPU
ALEXANDER M. WYGLINSKI

> GNU Radio

THE FREE & OPEN SOFTWARE RADIO ECOSYSTEM

D s S 6"
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Software-Defined Radio

« What is Software-Defined Radio?
» Trade-off:
 Flexibility vs. Performance, Cost, Power consumption, ...

Every decision involves trade-offs

Now Later
Today's
choice

Buying a $7
strawberry
smoothie

Spending $7 another way Benefiting from $7 saved regularly

Inspired by Andrea Caceres-Santamaria, “Money and Missed Opportunities.” Page One Economics, October 2019. Icons by Getty Images.

FEDERAL RESERVE BANK o/ ST. LOUIS

S e 25 SF
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Software-Defined Radio

 ADALM-Pluto

Analog Devices

AD9363
Z;wc Xilinx Zynq
ower

Management 72010

IC)
Micron DDR3L
MT41K256M16
Micron SPI Flash
MT25QU256

USB Comm.

(USB3320)

Analog Devices
Power
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Software-Defined Radio

« ADALM-Pluto
* RF Transceiver + SoC + Memory

Simplified Block Diagram

Micron DDR3L

MT41K256M16 R
X

i Tx

- Analog Devices
USB 2.0 Xilinx® Zynq®-7000 AD936x

Host ~a—»| ~&—| All Programmable SoC - ;
PHY RF Agil
XC72010-1CLG225C4334 e er

:

Micron QSPI Flash
MT25QU256ABA

Analog Devices Power

: b s @)
REMI LAB 13 gme S = CHOHM
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Software-Defined Radio

 ADALM-Pluto
» To control AD9361, we use embedded software (iio)

11O - libiio — Command line tools Covicss

\D OF WHAT'S POSSIBLE

)

iio_info : Information about all [IO devices, backends and context attributes
» iio_info -s
» iio_info -u ip:192.168.2.1

iio_attr : Read and write |lO attributes
» iio_attr -c ad9361-phy altvoltage@ frequency 2450000000

iio_readdev : Read samples from an 11O device
* iio_readdev -u usb:1.100.5 -b 100000 cf-ad9361-lpc | pv > /dev/null

iio_writedev : Write samples to an 11O device
* iio_readdev -b 100000 cf-ad9361-lpc | iio_writedev -b 100000 cf-ad9361-dds-core-1lpc

iio_reg : Read or write SPI or 12C registers in an IO device (useful to debug drivers)
*» iio_reg adrv9009-phy 0

Oft
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Software-Defined Radio

« ADALM-Pluto in Python

# Import library
import adi

# Create radio object ' PyADI ||O

sdr = adi.Pluto() PYTHON FOR ADI INDUSTRIAL I/0 DEVICES

# Configure properties
sdr.rx_rf_bandwidth = 4000000
# Get data

data = sdr.rx()

* https://qgithub.com/analogdevicesinc/pyadi-
iio/tree/master/examples

» https://pypi.org/project/pyadi-iio/

* https://wiki.analog.com/resources/tools-software/linux-
software/pyadi-iio

: nt 2= (@]}
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Software-Defined Radio

 ADALM-Pluto

« Zero-IF Structure
» Control LO to select center frequency
» Control ADC parameters for bandwidth

~
*
~~

ADC

LPF

~
*
~

o
W

:7 LNA Mixer
e
Fer

Mixer

FLO %

-

(b) 1O deg.

REMI LAB 16
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DSP
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baseband output
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Software-Defined Radio

« ADALM-Pluto
* Functional Block Diagram

~
| Rx channel 2 AD9361
Rx Channel 1
DI
RADIO GPO Acultomakic o ;llmunl HLEL
ain low
SWITCHING ol = Fast D—c! 1.3V
RX2A P, 1 ¥ ) T
RX2A_N B :} VDD _INTERFACE
RX1A P, Y4 Y]
RX1A N 1 ] 1.2v- 2.5V
Rx28.P, w FIR
RX2B_N
RX1B P, b VDD_GPO
R ! Y J 1.8-3.3v
xn RF Channel Bandwidth Rx Decimation e
2C N OF 200kHz - S6MHz (1Q) Digital Filtering and Equalization
1P b3 A A
1CN f | - A
TXMONZ Q 2 GND
ADC FIR
TXMON1 :
v . ]a
FI|T
=R
RXLO - 3|8 -
o Rx 61.44 MSPS 2
2 o
3 0
2 Temperature -
'] Sensor c PO_[D11:D0
[ ] | | S|| m™Cmos:po
XTALP e DIV DIV b =
N
XTALN 715 MHz - 1430 Mz | | | | s P1_(D11:00
E RX_[D5:D0)
=z
DIV 2
TXLO Tx 61.44 MSPS m
AUX DAC —
| Tx Channel 2 212
AUXDAC1 2%
AUXDAC2 Tx Channel 1 HF ] SPI
1
AN ¢ n E ﬂ e
naGA N CTRLP={J CTRL
TX1A P, o . . J
TX1A N = » Y
e RF Channel Bandwidth o Tx Interpolation
nase 5 200kHz - S6MHz (1) z Digital Filtering and Equalization
TX2B_N z a <] RESETB
TX1B P, £ r a
TX1B N Q
Auxanc ANALOG

"

: nt 2= (@]}
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Software-Defined Radio

ADALM-Pluto
« AD9363 RF Agile Transceiver

FEATURES FUNCTIONAL BLOCK DIAGRAM

Radio frequency (RF) 2 x 2 transceiver with integrated 12-bit RX1B_P,

AD9363

DACs and ADCs RX1A_P, —
Wide bandwidth: 325 MHz to 3.8 GHz RXIAN O
Supports time division duplex (TDD) and frequency division Ex"ié’:ﬂ
duplex (FDD) operation RX28 £
Tunable channel bandwidth (BW): up to 20 MHz RX2A_P, w O PO DIV oo Dol
Receivers: 6 differential or 12 single-ended inputs ':(222 ': % TXD0 x -
Superior receiver sensitivity with a noise figure: 3 dB RX2C N’ i
Receive (Rx) gain control TX_MON1() %
Real-time monitor and control signals for manual gain TX1A_P, 'g' ) ;}_%151!)( 10 P1 DO/
Independent automatic gain control (AGC) :’;:: : RX_DO_x -
Dual transmitters: 4 differential outputs mxie N Q<[
Highly linear broadband transmitter T™@_MON2O— >
Transmit (Tx) error vector magnitude (EVM): -34 dB Kﬁ:: @_4".- @H

Tx noise: =<-157 dBm/Hz noise floor

Tx28 P, RADIO
Tx monitor: 66 dB dynamic range with 1 dB accuracy TX2B_N SWITCHING
Integrated fractional N synthesizers SPI :‘ Fits FOCLK ouT
2.4 Hz local oscillator (LO) step size CTRL

CMOS/LVDS digital interface AUXADC AUXDACx  XTALN

NOTES
APPLICATIONS 1. SPI, CTRL, P0_D11/TX_D5_x TO P0_DO/TX_DO0_x, P1_D11/
RX_D5_x TO P1_DO/RX_D0_x, AND RADIO SWITCHING
CONTAIN MULTIPLE PINS.

10558-001

3G enterprise femtocell base stations
4G femtocell base stations Figure 1.
Wireless video transmission

REMi LAB 18 gmg S EICH ot



Software-Defined Radio

 ADALM-Pluto
« AD9363 RF Agile Transceiver
» A semiconductor that includes microwave devices & digital circuits

PEAK PEAK LOW AVERAGE

OVERLOAD OVERLOAD POWER PEAK
DETECTOR DETECTOR DETECTOR DETECTOR
DIGITAL
e e \— ——
A
Rx ?)\é ADC Sy L Pt arid
INPUT / FILTERS | ,' PORT
] o
! I e
NA IXER IA OW- ASS DIGITAL I | 2
ILTER MULTIPICAND | _BYPASS | g
Figure 17. AD9363 Rx Signal Path
ik P
: @:m} ro =8 kg
R E MI LAB 1 9 - CHUNGNAM NATIONAL UNIVERSITY



Software-Defined Radio

 ADALM-Pluto
« AD9363 RF Agile Transceiver

« JADI AD9363, RF Agile Transceiver:
> 1 Transmit, 1 Receive channel (with separate tuning frequencies)
Tuning range: 325 MHz - 3.8 GH

= 2.4 Hz LO step size

Tunable channel bandwidth: 200 kHz - 20 MH

Integrated 12-bit DACs (Tx) and ADCs (Rx)
> Variable output data rates: 61.44 MSPS - 65.1 kSPS
Modulation Accuracy (EVM): =-40 dB (typical, not measured on every L

Internal I/Q correction and calibration

> Tx to Rx Isolation:
> Tx Specifications

= Maximum Output Power:

Rx Specifications
= Min sensitivity:
= RX gain control: 0 to +74.5dB (800 MHz)

= Manual Modes
= Slow Attack
= Fast Attack

= Received Signal Strength Indicator: 100 dB (+2 dB

REMI LAB 20

» § Xilinx Zyng XC7Z010-1CLG225C

o § Zyng-7000 All Programmable SoC Overview
o § Datasheet
o FPGA

= Logic Cells: 28k

= Block RAM: 2.1Mb

ARM Processing System
= Single-core ARM® Cortex™-A9 MPCore™

USB 2.0 (included in the Zynq)

= streams up to 4MSPS with no dropped samples

{my SHTHSHD
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Software-Defined Radio

ADALM-Pluto
« AD9363 RF Agile Transceiver

1 2 3 4 5 6 7 8 9 10 1 12
A | RX2aAN | Rxaap DNC vssa | Txmonz | vssa | mean | meap [ men | meep | VPeAta-| vssa
VDDA1P3,
B | wvssa VSSA | AUXDAC1 | GPO_3 | GPO_2 P01 | ePo_o |vbp_gpo |VEPATPE [Try'veo— | TXVEO_ | yssa
T®_LO bo - | LDO_ouT
C | rxecp | vssa |aAuxbacz | JESUC |cTRLNO | cTRLNM | vssA VSSA VSSA VSsA VSSA vssA
VDDA1P3_ | VDDA1P3_ popy | poow | popst | popy | Poou
D [ Rxzcn | VOO | VOO |eTRL outo| cTRL NS | cTRLNz | BOO8L | FROTL | PO | meore | mcpore | VSS©
VDDA1P3_ | VDDA1P3_ PO_D11/ PO_D8/ PO_D6/ PO_D4/ PO_D2/ PO_DO/
E | R2BP | "oy o | JXLO.|CTRLOUTH\CTRL OUT2ICTRL OUTS( 1x"ng p | 1x pa_N | TX.DIN | TXD2N | TXDIN | TXBON
VDDA1P3,
F | Rean |Revco- | vssa |crreoute|crRiours|criouts| wsso | Seoi% [ vsso [recike | vsso [ VPRRIPS
Do i
RX_VCO_ |VDDA1P1_ RX_ RX_ ™ DATA_
G | vssA | 15 out | Rveo |STRLOUT?| ENLAGC | ENABLE | ouy v | rrame.p | FramEr |FECLKN [ cix b vssD
P1_D11I ™ DATA_ VDD_
H | RaBp | vssa VSSA TXNRX VssA VsSA VSSD | py e p | FRAMEN | VSSD it e e
VDDA1P3_ pipio | pioor | piom | Pips | Pipy | PiDU
J RX1B_N VSSA R _SYNTH| SPLDI SPICLK | CLKOUT | Rx D5 N | RX D4 P | RX D3 P | RXD2_P | RX_D1_P | RX_DO_P
voDA1Ps_ | vbDAtPI_ | —— Ppioy | Pipe | Pibu | Pipz | PipDw
K | rRace VSSA | % SYNTH BB HESED SPLEN | oy ha N | RX D3N | RxD2N | RXDI_N | Rx Do.N | VSSD
L | RacN | vssa vssA RBIAS | AUxapc | sPipo | vssa vssa VssA vssA vssA vssa
M | RAP | Rx1aN DNC vssa | TxMon1 | vssa | mxaP | AN [ ™BP | TXBN DNC XTALN
[ ANALOG 110 O pc POWER
[ DIGITAL liO [0 GROUND

[] DO NOT CONNECT

REMI LAB

Figure 2. Pin Configuration, Top View
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Software-Defined Radio

« ADALM-Pluto
« AD9363 RF Agile Transceiver

7 8 9 10 1" 12
T™X2AN | ™AP | T™XBN | TX2B P V.'r’xn_‘v':g— VSsA
oros [ voo_opo | VEDATPS. |YEOVGE- | mCVCO | yssa
Cc | rxecp vssA | AuxDACZ | St | CTRLNO [ cTRLNI [ vssa VSSA vssA vssA VssA VSSA
D | rRecN ‘";;t"‘::‘:’— ‘";;t"‘:_‘;’— CTRL_OUTO | CTRL_IN3 | CTRL_IN2 T:':B""'_‘P T:':B';TP T;“_B';-':’P T;“j':ifp T;‘:B"”‘_’P vssD
R A e LA A T A LT A TR T
F | rRxzB N gﬁ%ﬂ_‘ VSSA |CTRL_OUTS |CTRL_OUTS |CTRL OUT4| vssD .,ﬁ',?_—g;} vssD |FBCLK P | vssD VD“DE:’—
o | veen oo [voom o oum| ewsce | mume | o | e | s e | 27 | vemn
H | rx1B_P VSSA VvSSA TXNRX vssA VSSA vssD ;_—g_‘; FM“M—E_N vssD g:;‘_‘ﬁ Im.::ng
VDDA1P3_ PiDI0) | P1DY P1_D7/ P1_D5/ P1_D3/ P1_D1/
J RX1B_N VSSA  |Rx_SYNTH| SPLDI SPICLK | CLKOUT | Rx DS N | RX D4 P | RX D3P | RXD2P | RX_DI_P | RX_DO_P
K | rxicp VSSA gf::;.r’ﬁ WD;;"— RESET SPI_EN R;'_B':i'N R;'_—TN R;‘_BD;_,N R;';;”N R:‘_B%(:,N VsSsD
L | rxtcn VSSA VSSA RBIAS | AUXADC | sPI_DO VSSA VSSA VSSA VSSA vssA VSSA
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[ ANALOG /0 [ bc POWER
[ DIGITAL li0 [0 GROUND

[] DO NOT CONNECT

Figure 2. Pin Configuration, Top View
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Software-Defined Radio

Lab Overview

Pluto Basic IQ Imbalance G Modulation Spectrum
Aliasing (ASK, FSK) Monitoring

- Pyiio Basic - Quadrature - Zero-IF - Signal « Time-
- Configuration Modulation Structure Generation Frequency
. Transmission & - 1Q Mismatch . Carrier - Modulation Analysis
Receive Test Frequency and . Demodulation - Measurement
- Understanding Sl - Bitrate (Speed) aldpee
Channel . Bandwidth of a vs. SNR Communication
modulated Signals
signal

K
]

e Ij

T T T
20000 -100.00 0.00 100.00
Frequency (kHz)
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