ECE 463: Digital Communications Lab.

Lecture 2: Up/Down Conversion & SDRs
Haitham Hassanieh

IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII



Previous Lecture:

v Intro to digital communications
v" Analog vs. Digital Communications
v' TX/RX system Components

v' Course Logistics

This Lecture:

J Up Conversion & Down Conversion

J Software Defined Radios
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Up/Down Conversion

Baseband Passband Baseband
A

L\ , /f\ L\ ,

0 B 0 f- 0 B

Why do we need to up/down conversion?

* Why not transmit everything at lower frequencies?

— Data rate « bandwidth

—— Not enough bandwidth: —

— Different Technologies
——— Antenna size o« wavelength
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Up/Down Conversion

Baseband Passband Baseband
A

L\ , /1\ L\ ,

0 B 0 f- 0 B

Why do we need to up/down conversion?
* Why not transmit everything at lower frequencies?

— Data rate « bandwidth

—— Not enough bandwidth: —

— Different Technologies
——— Antenna size &« wavelength

"  Why not transmit & receive directly at high frequency?

Nyquist!



Nyquist Theorem

To recover the signal properly, we need to sample at twice
the highest frequency, i.e. 2f 4y
Baseband L\

» Sample at 2B

0 B e.g. WiFi 802.11b =~ 40 MS/s

A

Passband /\ » Sample at 2f, + 2B
0 £ e.g. WiFi802.11b = 5 GS/s




Up/Down Conversion

Transmitter Receiver
Up-conversion Down-conversion

P [ e 9 I
S S

PLL PLL

How to we do up/down conversion?
s(t)=—> x =—> s(t) cos(2nf,t) —> x —> s(t) cos*(2nf,t)

! I

cos(2mf.t) cos(2mf,.t)

s(t) cos*(2mf.t) =s(t) (; | ; cos(2m 2f, t))



Up/Down Conversion

Transmitter Recelver
Up-conversion Down-conversion
Mixer Mixer
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PLL PLL

How to we do up/down conversion?
s(t)=—> x =—> s(t) cos(2nf,t) —> x —> s(t) cos*(2nf,t)

! I

cos(2mf.t) cos(2mf.t)
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Up/Down Conversion

s(t)=—> x =—> s(t) cos(2nf,t) —> x —> s(t) cos*(2nf,t)
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Up/Down Conversion

s(t) =—> x =—> s(t) cos(2nf.t) —> x —> s(t) cos?(2nf.t)

! ]

cos(2mf.t) cos(2mf.t)

Consider using PAM: Pulse Amplitude Modulation

4 PAM: 11 10 00 01

2 b't I I | | |
its/symbo -3 —1 +1 +3

s(t) isreal =»S(f) is symmetric around 0
¢

-B 0 B



Up/Down Conversion

s(t) =—> x =—> s(t) cos(2nf.t) —> x —> s(t) cos?(2nf.t)

! ]

cos(2mf.t) cos(2mf.t)
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Up/Down Conversion

s(t) =—> x =—> s(t) cos(2nf.t) —> x —> s(t) cos?(2nf.t)

! ]

cos(2mf.t) cos(2mf.t)
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Up/Down Conversion

s(t) =—> x =—> s(t) cos(2nf.t) —> x —> s(t) cos?(2nf.t)

! ]

cos(2mf.t) cos(2mf.t)
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Up/Down Conversion

s(t) =—> x =—> s(t) cos(2nf.t) —> x —> s(t) cos?(2nf.t)

! ]
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Up/Down Conversion
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“Consider using QAM:Quadrature Amplitude Modulation




Up/Down Conversion

s(t) =—> x =—> s(t) cos(2nf.t) —> x —> s(t) cos?(2nf.t)

! ]

cos(2mf.t) cos(2mf.t)
“Consider using QAM:Quadrature Amplitude Modulation
¢




Up/Down Conversion

s(t) =—> x =—> s(t) cos(2nf.t) —> x —> s(t) cos?(2nf.t)

! ]

cos(2nf.t) cos(2mf.t)
Consider using QAM:Quadrature Amplitude Modulation
A
00.00 01.00+3__Q11.00 01.00
16 QAM:
4 blts/symbol 00.01 01.01+1__ 11.01 10.01
AE H H e |
00.11 01.11_1__ 11.11 10.11
00.10 01.10_3__ 11.10 10.10




Up/Down Conversion

s(t) =—> x =—> s(t) cos(2nf.t) —> x —> s(t) cos?(2nf.t)

! ]

cos(2mf.t) cos(2mf.t)

“Consider using QAM:Quadrature Amplitude Modulation
s(t) iscomplex: s(t) =1+ jQ



Up Conversion

s(t) = x—> s(t) cos(2mf.t)

!

cos(2mf.t)

“Consider using QAM:Quadrature Amplitude Modulation
s(t) iscomplex: s(t) =1+ j0Q



Up Conversion

!

cos(2mf.t) ——>] cos(2mf,t)
—Q sin(2mf,t)

Re{s(t)} —» x =—> [ cos(2mf,t) —l

Im{s(t)}=—» x =—> Q sin(27f,t) J
|

sin(2nf,t)



Down Conversion

w = 1 COs?(21f,t) — Q cos(2mf,t) sin(2nf,t)

t 1

1 .
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—Q sin(2nf,t)

¢ —p Qsin®(2mf,t) — I cos(2mf,t) sin(2rft)

!

1 1
_ Sin(ZT[fCt) = EQ(]. — cos(2m 2f. t)) — EI sin(2m cht)



Down Conversion

¢ ——p 1 COS*(21f t) — Q cos(2mf,t) sin(2mf_t)

t 1 s Flel, 1 pilter
=—=I(1 C — C
sz =2 +oos2erty) SN

2

I cos(2nf.t)
—Q sin(2nf,t)

W ——p Q sin®(2mf t) — I cos(2mf.t) sin(2nf,t)

T 1 el 1 ier
—sin(2ufit) = EQ(l YW —W

1



Up/Down Conversion

Transmitter Receiver

Rel{s(t)} = I —>>1< >1<—> I
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Up/Down Conversion

Transmitter Receiver
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Up/Down Conversion

Transmitter Receiver
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Up/Down Conversion

Transmitter Receiver
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Up/Down Conversion

Transmitter Receiver
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Up/Down Conversion

PAM: Sends B real symbols/sec with k bits/symbol

Baseband Passband
\ 1
11 10 00 01
: : : —> >
-3 -1 +1 43 -B 0 B —Je 0

QAM: Sends B complex symbols/sec with 2k bit/symbol

Q

0000 01.09; 1100 0100 Baseband Passband
0001 0101 | 1101 1001

* ° +11 ° * p. - o

3 —1 +1 +3
0011 0111 | 1111 1011 71 g e

° o« _1+ ° ° _B O B _fC 0
0010 0110 | 1110 1010

° * 31 ° °




Up/Down Conversion

PAM: Sends B real symbols/sec with k bits/symbol

Baseband Passband
A A
11 10 00 01
: : : —> >
-3 -1 +1 43 -B 0 B —Je 0

QAM: Sends B complex symbols/sec with 2k bit/symbol

¢ : i
0000 0100 1 1100 0100 Baseband Passband; |
0001 0101 | 1101 1001 i i
° e 1T ° ° ioe, : _ :
—3 —1 +1 +3 ‘ fHsE 5‘.5
00:11 01:11 11:11 1011 71 g | : i
° °* _1+ ° . _B O B _fC 0 i i
0010 0110 | 1110 1010
° °* _3+ ° °




Up/Down Conversion

PAM: Sends B real symbols/sec with k bits/symbol

Spectral Efficiency: Passfa”d.
BXxk bits/sec k
————————— = — bits/Hz

2B Hz 2 £ 0 if

QAM: Sends B complex symbols/sec with 2k bit/symbol
()

Spectral Efficiency: Passband
Bx2k bits/sec F bite /H I
T -

0010 0110 1110 1010 ' 2B
° e _3 ° °



Up/Down Conversion

PAM: Sends B real symbols/sec with k bits/symbol

Spectral Efficiency: Passfa”di
Bxk bits/sec k
% —  bits/Hz o

2B Hz 2

_fc 0 E fc E

QAM: Sends B complex symbols/sec with 2k bit/symbol
()

Passbandi

Spectral Efficiency:
BXx2k bits/sec

3B Hy = k bits/Hz

Quadrature Modulation = More efficient use of the
same bandwidth
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Up/Down Conversion

Transmitter Receiver
Up-conversion Down-conversion
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Digital Communication System
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Software Defined Radio

)
] |

> Flexible radio frontend with ADC & DAC
connected to machine

» Streams digital samples to/from the machine

» Machine controls radio parameters



Software Defined Radio

» Can control hardware parameter from software:
 Change frequency
Change bandwidth

 Change amplifier gain
Change the sampling rate

» Can design all digital processing in software:
* Filters
* Modulation
 Synchronization



Software Defined Radio

> |n this class we will use USRP X310

2 Channels

* Wide bandwidth up to 160 MHz

 ADC up to 200 MS/s and DAC up to 400 MS/s
* Wide frequency range 10MHz- 6GHz
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USRP X310 Architecture Digital
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USRP X310 Architecture
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USRP X310 Architecture
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USRP X310 Architecture
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USRP X310 Architecture
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USRP X310 Architecture
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USRP X310 Architecture
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Transmit

USRP X310 Architecture
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USRP X310 Architecture
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USRP X310 Architecture
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USRP X310 Architecture
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USRP X310 Architecture
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USRP X310 Architecture

Sampling Rates: Integer divider of 200MS/s
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Many SDR Platforms

USRP: Universal Software Radio Peripheral (Ettus) Warp: Wireless Open Access Research Platform (Rice)




USRP SDR Software

LabView: . i .l[ }. -
' GNURadIO * Open Source
" * Python (Flow graph)
e Extensive Library of block (C++)
* Many existing example: 802.11b, DBPSK, ...
GRC:
UHD: * USRP Hardware Driver

° C++
* Integrates with GNURadio



- UHD

USRP
http://www.ettus.com/resource

GNU Radio
http://enuradio.org/redmine/projects/gnuradio/wiki

Available Signal Processing Blocks
http://gnuradio.org/doc/doxygen/hierarchy.html

GNU Radio Mailing List Archives
http://www.gnu.org/software/gnuradio/mailinglists.html

USRP Mailing List
http://lists.ettus.com/pipermail/usrp-users lists.ettus.com/

http://ettus-apps.sourcerepo.com/redmine/ettus/projects/uhd/wiki

/




Definitions & Variables

* f.: Carrier Frequency

* B: Signal Bandwidth

* s(t): Baseband Signal

* S(f): Frequency Spectrum of Baseband Signal
* 6(f): Impulse Function

* (®»: Convolution Operator

o [ =Re{s(t)} & Q = Im{s(t)}

* ( )*: Complex Conjugate



