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Sub-6GHz/mmW 2x2 &4z & 4z §

Sub-6GHz/millimeter-
wave radio front-end

Sub-6GHz/millimeter-
wave radio converter

]

I' ADI ::- DLI MiniCircuits

RF128 GHz | HMCA499LC4,, !l B274MB1S MDB-44H+ -
| " MiniCircuits

<7 : BPF H X CSWA2-63DR+

i
1 HMC?W " 22.4 GHz Analog Devices
i ADIL LN I ADF4355
|ADRF5020 I)’ 0 mpr—| X2 [— X2

RF13.5 GHz, MiniCircuits !

ADI

NV

PHA-1Hz1 ||
11

<o}

1]

HMC499L C4 MiniCircuits MiniCircuits

CY2-44+ (CY2-143+

: l m x2 x2
1]
] 1]
! 9 m I 22.4 GHz — .
I MiniCircuits I)/ " ?‘(
lcswAG3DR+ = . X BPF P
INICIrcuIts Ty r INICIrcuIts
! ” MiniCircuits  MiniCircuits
— TSS-S3LNBHI  _wpDB-4ap+ _BFCNssagr CSWAZOSDR*
[T 2 o et e 8 e o -
| ADI n DL MiniCircuits !
B2 20Grzy HMC499LC4,, 11B274MB1S MDB-44H+ N :
[ " MiniCircuits "
A\ BPF (H X CSWA2-63DR+ :
: ADI -
t
: HMCEGPLES :: 22.4 GHz Analog Devices |
,  ADI ADF4355 |
IADRF5020 I m x2 — x2 |
I I
ADI !
RF2 3.5 GHzZ' MiniCircuits 1! MiniCircuits MiniCircuits
] HMC499LC4
[ PHAAIS CY2-44+ CY2-143+ :
NV m .
: .l m X2 X2 |
|
! 22.4 GHz I
v b m [ o !
1 MiniCircuits I/ 1)( |
CSWAG3DR+ (X BPF \
MiniCircuits ! - MiniCircuits |
l MiniCircuits MiniCircuits
CSWA263DR+ I
! — L fs_”fo:l__M_D_B-:tiH_+__§F_c_N§5_49 ______________________ '
%\ HESSCHOREATEARE
\ / BGRREAF AR EPD 1-4

BladeRF 2.0

Tx1
3.5/5.6 GHz

38.4 MHz REF

Rx1
3.5/5.6 GHz

Tx2
3.5/5.6 GHz

Rx2
3.5/5.6 GHz




Sub-6GHz/mmW 2x2 5447 18 T {5 2 1&#%» gt

. .&/j‘htﬁ' BT R A S SRR ST SPIE e E 2 sl o
¥ B

o JU* E 24224 2. % * BladeRF-2.0#c %8 &£ 51 7 T

¢ 1Y I\/IATLABT;’IL@”%%% BT Le g

o ¥ E 73.5GHz28 GHzz &4 i# g

o ¥ E 7 SISO 2x2-MIMO# 5t

» TFICE FHERFLF Y AN

e 28 GHz#* T a8~ A x> 3.5 GHzE* Micd = &

o« PR|TRLE S L EMAT S P 3k 22 RO4003C/FRAT
e % 42 PR F%
% HEYGHE=ZREATERHE

SGXIREFIABEMBER DD 1-5



Sub-6GHz BladeRF 2.0#: %8 & st 7 T 5

« ADC/DAC sample rate: 0.521 MSPS — 61.44 MSPS
 ADC/DAC resolution: 12 bits

« VCTCXO calibrated accuracy: 16 ppb
 RF Rx tuning range: 70 MHz — 6 GHz
 RF Rxtuning range: 47 MHz — 6 GHz

* RF bandwidth filter: 0.2 MHz — 56 MHz

« CW output power: 8 dBm

 FPGA logic elements: 49 KLE — 301 KLE

« FPGA memory: 3,383 Kbits — 13,917 Kbits
« Variable-precision DSP blocks: 66 — 342
 Embedded 18x18 multiplier: 132 — 684

Source: https://www.nuand.com/bladerf-2-0-micro/
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The role of RF filters

I

%@/

Quadrature modulator
Antenno T _CH1_l#
Mixer é =='*—
Tx_CH1 Q=
- re E:) _[orso]F=4
S\ deg. Tx CH2 It
Switch ? BPF @ 'I Tx CHZ Qs
W \, J
— _ IFO r ~
BPF [ RF oscillator  gecillator =* Rx_CHI Iz
™ I_ :* RI_CHI_GH: o
e e L|0/90 Re CH2 | S
— —_— 2 ) T deg S iz i
RF My = = ' Rx_CHZ G =%
Tx amplifier BPF yGa  BFF =P =
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Microwave filters

* Filter types: Low-pass, High-pass, Band-pass, Band-

I
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reject, All-pass, ...
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Design methods

&

(1) Image Parameter Method

— A cascade of simple two-port filter sections to provide the
desired cutoff

— frequencies and attenuation characteristics, but not allow the
spec of a frequency response over the complete operating
range.

(2) Insertion Loss Method

— Network synthesis technique to complete the whole
frequency response.
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Design Procedure

Filter N (order), f,, Af, or Aflf, (fractional bandwidth),
Specification Ripple (dB), minimal attenuation at f:/f,, ..., etc.

4

Low-pass A prescribed filter function with Z, normalized to 1 Q, and
Prototype @ normalized to 1 rad./sec. Order N, A, and ripple level

@ are required.

Scaling Frequency and impedance scaling are required for
Conversion transforming the prototype function to the desired filter
function.

U

Implementation Filters of Microstrip, CPW, Lumped elements and
Rectangular waveguide are implemented in different
| ways. Their theories are the same.

: HEBCAREEATEAHE
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Coupled line filters
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Design formulas for a coupled-line filter

Once J,, J,, and J, are found, then Z,, and Z,,
can be determined via

Zo, =2, 1+ JZ,+(JZ,)" |
Z,,=2,|1-JZ, +(JZ,) |

For any N and arbitrary Z, (£, = Z, (gy.; = 1)
orZ, #Z, (&ys1 7= 1)),

esign data: 77 A
e 01 —
StripLine: w,/d and s,/d 2g,
icrostrip: w,/d and s, /d A

Z,J, = ' ,n=2.3,---.N

’ 2‘\}' gn—lgn

I
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Z..and Z , Design Data for a Microstrip

180
160
144

120

Z

Qe

(Q) 100

&80
&0
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005

“
Zy, ()
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(1) Quasi-static results, realistic
microstrip 1s dispersive. Usable
up to 5—6 GHz.

(2) It &.1s different or frequency 1s
sufficiently high, the data must
be changed.

(3) Given Z,, and Z,,,, s/d and w/d are
uniquely specified.

(4) Phase velocity data 1s not shown.
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The role of RF amplifiers

Quadrature moedulatar

i~

I
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Microwave Amplifier Gain

I
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e Ref Ref Ref
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¢ For lossless input and output matching networks, the amplifier gain
IS-4312 is equal to the transistor transducer gain (Gy).
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Other Power Gain

G, (T,,T,)= s, [0 Jr.[Jo-Ir) ) L= )s, - )

r|
SO =T, [ |a-s,r)2-5,1,)-5,S,T

11+ S 227 |

-5

21

G, (Ty,T,) = Unilateral transduce r power gain

et i)

G, (T, )= Operating power gain

.- Irf)
) n |‘

G,(T,)= Available power gain

s.[ - Ir.f)
; ) n 5‘
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G = Maximum  available power gain

max

=G, (r,=r .1 =T )= E”‘( ~k’ —1), k is stability factor

12‘

G = Maximum unilateral power gain

TU max
2
s.|

= ,T,=T_ )=
| | (1_ ‘811‘2)(1_ ‘822 ‘2)

G . = Maximum stable power gain
_Isa]
k=1"" ‘S

* *

=G

max

|

 In general, the amplifier gain will be larger than the transistor
gain due to the impedance matching of the transistor at both input
and output.
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Stability Condition
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7 8
s Two port
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Determine Unconditional stability by mathematical equations

« Rollet’s condition (k-A test) for unconditional stability.

1-fsu[ —[a] +]a[

11‘

>1

k =
2‘812 21‘

<1

‘A‘ ‘811 22 12 21‘

* In 1992, Edwards et. al. derived a new criterion that
combines the k-A parameters into a test involving only a
single parameter u for unconditional stability. Thus, If u>1,
the device Is unconditional stable. In addition, it can be said

that large values of u imply greater stability.

2
1-|S,,|
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The role of Mixers

Mixers perform frequency translation by multiplying two waveforms (and
possibly their harmonics).
Three-port circuit requiring an LO reference input

— Down-conversion in receivers, output frequency (IF) is the difference of two
input frequencies (RF and LO)

— Up-conversion in transmitters, output frequency (RF) is the sum of two input
frequencies (IF and LO).

Cuadrature madulatar
I"_-\"
Antenna Tx_CH1 _l=
Mixer ' T CH1 G
e - 0/%0
e i ™ deq. Tx_CH2 I+
Switch § BPF BPF L E i
VGA T CHZ
'”A; (:}J:::-——‘
— lla Y Rx_CHI_|
BPF [ RF ascillafor  gecillator LK
s.n,l:- r # B CHI G | ||| —
= o Llo/90 | : =
P o E R CHZ L+ +ERia]
RF i = = deg. Rx_CHZ_Q
. - IXEr  ppF BPF = -5
X amplifier VGA i
Bx |
S ——
PLL Guadrature demodulator
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Basic operation (1)

» The ideal behavior of the mixer as a multiplier.

 Signals are produced at the output at the sum and difference
frequencies of the two inputs.

 |In practice, the multiplier is implemented with a non-linear
element such as a diode or transistor, or with a time-varying
element.

A cos(wqt) X B cos(w-,t)

AB
== [cos(w; — wy)t + cos(w, + wy)t]

I
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Basic operation (1)

« Upconverter mixer operation

— the mixer input signal is applied at the IF port w;,=w,, w,=w,,and both
the w, ,—w,;=wprand the w, ,+w,.=wy Sidebands are generated at the
RF (output) port.

— The sum frequency wp=w, ,*tw,;r 1S known as the upper sideband
(USB). The mixer also produces a lower sideband (LSB) at wp=w; ,—w,
5

— A bandpass filter, placed at the RF port, selects the desired signal (wpz=
w, +w,r) and rejects any leakage from the IF and LO ports.

iy = Wy

I
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Basic operation (1)

« Downconverter mixer operation
— In areceiver, the input signal is applied to the RF port and w
1=Wpp, WNEre wpr=w; gt w;z Of WRF=w, )—w .
— The LO signal is applied at port 2, as in an upconverter, w,=

are collected at the IF port.

{I'.J'z = m] 0

HEBSGIRERATEARS
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General Considerations

» Impedance matching
 Conversion gain
 Noise performance
* Isolation
 Linearity

e Spurious

& HEBCAREEATEAHE
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Frequency Synthesizer in Wireless System

LNA Mixer BPF
RF Image R
signal . ‘ > h Reject- . %? . % .
filter R
T/R Frequency
Switch Synthesizer Baseband

LPF XA

Q< 4—%4 A
PA Mixer BPF

SGXIREFIABEMBER DD 2-20
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PLL-based Frequency Synthesizer

« Most frequency synthesizers are based on a phase-
locked loop (PLL).

« The frequency and phase of the voltage-controlled
oscillator (VCO) is locked by the PLL with reference to
the crystal oscillator.

* The synthesized frequency can be adjusted by tuning
the division value N.
VCO

Crystal RE
—)l PFD LPF @
T Tom

T Channel
Selection

& HEBCAREEATEAHE
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Phase Noise Suppression

Frequency Synthe5|zer

........................

20log|H ()]
VCO :
Phase Noise —_—
. 0dB
f A
f
: 20Iog|H (S)] m’f
Reference 20|0gN PLL Output
+ PED + CP (dB) Phase Noise
Phase Noise : )
f f

........................

I
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Phase Noise Properties and Measurement

Power(dBm)
A VCO with PLL
A | VCO free-running
Phase Noise / Reference noise
in dBc/Hz + 20 log N
v dominate here
VCO noise
“« " 4~ dominate here
f =—2
" 2n
>
Frequency
(Piysang @ AT 1
L(Af)=10log| —==* =10log P .. @ AT =10logP_ .. —10logRBW (dBc/Hz)
L I:)carrier R BW J

RBW: the resolution BW of spectrum analyzer as measuring phase noise.

I
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Fractional-N

Integer-N Fractional-N
. . . f | : f .
fVCO = N X fref VCO = N X ref = LP + VJX ref
| A+1 A
fres - |:(N T 1) - N :| fref fres - P+ B T fref
ASEY Yl
f
= 1:ref = \I/\ICO _ 1:ref _ 1:VCO
M M - N

. . . *
........
---------------------------------------------------------------------------------

The frequency resolution can be
arbitrarily modified with M.

SGXIREFIABEMBER DD 2-24
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Fractional-N Frequency Synthesizer

Reference L oo RF
—»| PFD |—>> F“te'cr’ —>®-—>
Multi-Modulus
Divider
Delta-Sigma
Modulator

Channel
Selection

PR
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§S,=G-S, N,=kT,B \r—’
N, = GkT ;B + GKT _B; T, :equivalent noise temperatu re of the system
_ _ (S/N). S N, 1 GkT B+GkT,B T,
NR (noise ratio) = = : = — =1+—
(S/N), S, N, G kT,B T,

o Z BB BEAM LAt
S =G,G,G,-S, N.=kT,B
N, = G,G,G kT ,B + G,G,G kT, B + G,G kT ,B + G kT,,B
- G,G,G,N. +G,G,G,(NR, ~1)N. + G,G,(NR, —1)N. + G,(NR, —1)N.
- G,G,G,NR,N. + G,G,(NR, —1)N. + G,(NR, —1)N,

(S/IN), S, N, 1 N, NR,-1 NR,-1
NRtotaI = = ' - - NR1+ +
(S/IN), S, N, GG,G, N, G, G,G,
-M&Sﬁﬁﬁﬁﬁﬁa%&
NR, -1 NR, -1
NR =NR, + ——+--- + NF (noise figure) =10 log,, NR
G, GG, G,

I
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B F T e e R AR

&

:7 NR=NR,+(NR,-1)/G,+...+(NR,-1)/(G,G....G,, ;)

G, G, |__._.._| Gu Gy | P o
(S/N), NR, NR, NR,,., NR,, (SIN).
SPAT e b 5Ll I sh 2 S set (SIN)o Y AERESE3 1 NRE B » 42 31

se1t (SIN) -7

EA R R R RS T R A T
pUT R b B R T % 2. AT R (Sensitivity )

S.=NR -(S/N) N. = kTB

0,min i’

S =NF +(S/N) +10 log ,, B — 174

i,dBm

BT TS S - BT LR LA Bl AP

o,min, dB T 2290 ° K
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« The nonlinear effects yield signal impairments, including
harmonic generation, intermodulation, and spectral regrowth.

f
2f

single 3
tone ‘
f, f,
two f,-f, f,+1, 2f,+f, 2f,+f,
tone | |

\I/
| 1] L1
2 3f,  3f,

f,-f, 2f, 2f,

continuous
spectrum MWM

I
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dB scale p,,

fot ||v|31
P ‘ ‘ P | | P |P3,O“
2f,f, 2f,-f, P 1as-
Af << f;
Af << f,
(IP,, - Pu3)/3=1P, — P/ (in dBm) ﬂ%
2P0,1+ (Po,l_ Pim ,3) = 2IPs,o E:
;W:GB:_/ D-o
=P, ,=P,+05 M, |
—— ——
G+P, spe.cified by
destaner fundamental
or P, =3P ,-2IP,, Output noise N,
Spurious Free Dynamic Range (SFDR) -
3,

SFDR = 5 [1P3,o _ No] =3 [“DB,i _ NO,i] Output noise N ; 35%] ~ = pEde R

I
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%

G1 - Gz ........ GM
F— X1 o XZ o o— Xl"-.-’l —
G :gain
-1
min o1 X /P or O/P IP3
Xtotal = [Z x G } -
n=1 n—n

-1/2

1 — 1
—22. 2
X'G: ‘e X X.G.G,

n

M

X max
total Z
n=1

n>Kk

Ref. N. G. Kanaglekar, R. E. Mclntosh, and W. E. Bryant, “Analysis of two-
tone, third-order distortion in cascaded two-ports,” IEEE Trans. Microw.
Theory Techn., vol. MTT-36, pp. 701-705, Apr. 1988.
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Sub-6GHz/mmW % H2_ S 2 f %k St

3.5 GHz el BladeRF 2.0
Antenna G1=-1.15dB NF2=1.5dB  G3=-1.15dB '
P1dB,0=20.1dBm
Y IP3,0=30.1dBm
Sub-6GHz link Switch —[%— Switch —{ Rx 3.5 GHz
MiniCircuits MiniCircuits MiniCircuits
HSWA-63DR+ TSS-53LNB+ HSWA-63DR+
G2=25dB G3=-10 dB
i NF2=2.5dB  NF3=8.6 dB BladeRF 2.0
Antenna G1=-2dB p44p 9=13dBm P1dB, i=10dBm G4=-2dB  G5=-1.6dB
<7 IP3,0=26dBm  IP3,i=20dBm
mmW link Switch M BPF Switch — Rx 5.6 GHz
MiniCircuits
ADI AD| MDB-44H+ MiniCircuits  MiniCircuits
ADRF5020 HMC752LC4 BFCN5540+ HSWA2-63DR+
Local
oscillator

« Performance evaluation by approximated formulas or CAD tool

I
%‘ HEBCAREEATEAHE
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£ E’T%"ﬁ%} % BRI T o

20 T T I T I

. _ . _
Powg ' amp.llfler_ | Adjacent channel interference
nonlinear distortion output
°T input |
OFDM/16QAM
modulation 20
€ .40
m
Z
CTJ -60
2
(@)
o
-80 M
-100 | -
-120 ' - . - '
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Sub-6GHz/mmW % H2_ S#E 38 1 4% & St

3.5 GHz BladeRF 2.0
Antenna G3=-1.15dB  G2=11.5dB  G1=_1.154B
P1dB,0=22.4dBm
: ; IP3,0=41.2dBm
Sub-6GHz link Switch 4@ Switch |« Tx 3.5 GHz
MiniCircuits MiniCircuits MiniCircuits
HSWA-63DR+ PHA-1H+ HSWA-63DR+
28 GHz G4=16dB G2=-10 dB BladeRF 2.0
Antenna G5=-2dB P1dB,0=23dBm G3=-2dB P1dB, i=10dBm G1=-1.6dB
V IP3,0=34dBm IP3,i=20dBm
mmwW link Switch @ BPF /)(\ Switch [¢—— Tx 5.6 GHz
MiniCircuits
MDB-44H+
ADI ADI MiniCircuits MiniCircuits
ADRF5020 HMC499LC4 BFCN5540+ e HSWA2-63DR+
oscillator

* Performance evaluation by approximated formulas or CAD tool
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FAKRE BRGNS EApE
- VREF P
@gﬁjév\ & (Transmit diversity )
v 7 B 4g * (Spatial multiplexing )
v & 24 (Beamforming)
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Ao A —4p A R AR B MO

S X Mg ST £ S X B2 F)SF (antenna
element factor) % 7%+ (array factor)

F(8, QD) — Farray (60, 9) * Fetement (6, 9)
EZH X ML Az-thE IR F2N+FL B SR 7

Farray(0) = n=—n Inelfncos? |k = w.[lg€,
FENARZT IS AR w%éﬁfﬁwﬁ

In — Ioe—jna | array(g) _ Ne]n(kdcose az)
ﬁﬁ%%?ﬁﬁi%ﬁﬁ%iﬁ%

kdcosO, = a,, 6, = cos‘l(azl)

2rtd
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 Embedded Wafer-Level Ball grid array (eWLB)

« Redistributed Chip Package (RCP)

 Integrated Fan-out Wafer Level Package (InFO-WLP)
 Embedded Wafer Level Package-on-Package (eWLB-PoP)
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