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Multiple Access Techniques: chapter 3.6,  
TX Architectures: chapter 4.3
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• Multiple Access Techniques
– Duplex Communication
– Multiple Access Techniques
– Multiplexing Techniques

• Direct-Conversion Transmitter
• Two-step Conversion Transmitter
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Signal Constellation
3

• Signal Constellation is a useful representation of signals
• Constellation diagram for PSK with 0 and 180°:

From previous lecture…
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Signal Constellation

4

• Signal Constellation is a useful representation of 
signals

Amplitude can easily be shown

From previous lecture…
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Signal Constellation

5

• Signal Constellation is a useful representation of 
signals

Phase may also be shown

From previous lecture…
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Signal Constellation – Noisy signals

6

Ideal Noisy

• PSK

From previous lecture…
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Signal Constellation – Noisy signals

7

Ideal Noisy

• FSK

• Which of the ASK, PSK, FSK looks more robust to noise?  

From previous lecture…
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Signal Constellation – EVM
8

• Error Vector Magnitude (EVM): the deviation of the 
constellation points from their ideal positions.

• EVM (power) is linearity measure in WLAN and TRX (% or dB).

From previous lecture…
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Quadrature PSK (4-PSK)

sin and cos have 90° phase shifts 
so the two BPSK signals are 
orthogonal or in quadrature

9

• An interesting choice for phases is φn∈ {π/4, 3π/4, 5π/
4, 7π/4} since cos φn and sin φn will only take values 
of +/- √2/2  

From previous lecture…
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Quadrature Modulator

10

0 1 1 1 0 0 1 0

0    1    0    1 

1    1    0    0 

This is often called the in-
phase (I) component of the 
signal

and this one 
the quadrature (Q) 
component of the 
signal

We therefore 
call this data 

”I”
and this one ”Q”

From previous lecture…
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Quadrature Modulator
11

• Also called IQ-modulator. 
• The A and B data after the S/P Converter is called IQ-data.
• Recall: BPSK-signal occupy BW>2/Tb. QPSK occupies half of the BW!

• Pulses appear at A and B are called symbols rather than bits.

From previous lecture…
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Ex 3.7 QPSK with phase errors
12

From previous lecture…
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QPSK: large phase changes 
13

• With pulse shaping, the output signal amplitude 
experiences large changes each time the phase 
makes a 90° or 180° transition.

• Resulting waveform is called a “variable-envelope 
signal”. Need linear PA.

From previous lecture…
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QPSK: improvements
14

• OQPSK: only 90° shifts.

• π/4-QPSK: two QPSK with π/4 rotation=> 135° shifts. 

From previous lecture…
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Quadrature PSK
15

• For Binary PSK (BPSK), based on the input bit we 
choose one of the two phases in each symbol period

• In 4-PSK (QPSK), based on the combination of two 
input bits, we choose one of the four phases in each 
symbol period

We are however 
sending twice as 
many data bits

with 4-PSK
Once again, notice 
that bandwidths of 
both signals are Rs 

Hz

From previous lecture…
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Bandwidth Efficiency 16

Assume that we send Rp nyquist pulses per second
• The signal occupies Rp Hz                     1 pulse/s/Hz
• Each pulse represents one symbol     1 symbol/s/Hz
 

Improved spectral 
efficiency

(more bits in the same 
bandwidth)

In binary modulation: 
Each symbol represents one bit

In M-ary modulation

1 bit/s/Hz

k bit/s/HzEach symbol represents k bits (M=2k)

From previous lecture…
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Higher Order PSK
17

• You can extend QPSK to any M-PSK modulation to 
further increase the bandwidth efficiency

• The distance between signal points and therefore 
immunity to noise rapidly decreases

QPSK 8-PSK 16-PSK

More signal power is needed 
to maintain the performance 

More data is sent over 
the same bandwidth 

Trade-off

From previous lecture…
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16QAM: constellation
18

• Saves bandwidth
• Denser constellation: making 

detection more sensitive to 
noise

• Large envelope variation, 
need highly linear PA

From previous lecture…
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OFDM (Orthogonal Frequency Division Multiplexing)
19

• OFDM solves the problem of multipath propagation.

=> ISI

From previous lecture…



TSEK02 Radio Electronics 2019/Ted Johansson

OFDM (Orthogonal Frequency Division Multiplexing)
20

• In OFDM, the baseband data is first demultiplexed by a factor 
of N. The N streams are then impressed on N different carrier 
frequencies.

WLAN 802.11g:
54 Mb/s: 

48 subchannels, 64 QAM =>
141 ksym/s per subchannel

From previous lecture…
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Multiple Access Techniques: chapter 3.6,  
TX Architectures: chapter 4.3

21

• Multiple Access Techniques
– Duplex Communication (3.6.1)
– Multiple Access Techniques
– Multiplexing Techniques

• Direct-Conversion Transmitter
• Two-step Conversion Transmitter
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Duplex Communication
22

• In Simplex communications one device transmits and the 
others just "listen”
– Broadcasting 
– Pager
– Remote controllers

• A Duplex system involve two-way communications. 
Transmission and reception should be possible in both 
directions
– Full-Duplex
– Half-Duplex
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Time-Division Duplexing (TDD)
23

• Send and receive actions are performed at 
different times 

– TX and RX operate at the same frequency
– TX and RX does not interfere because the 

TX/RX is switched off during RX/TX
– Allows direct (”peer-to-peer”) communication
– Strong signals generated by all of the 

nearby mobile transmitters fall in the receive 
band, thus desensitizing the receiver.

– RF switch loss ~ 1 dB
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Frequency-Division Duplexing (FDD)
24

• Send and receive actions are performed at different 
frequencies (and may be performed simultaneously)
– TX and RX operate at different frequencies and 

are isolated by duplexer filters
– Two pairs of TX/RX are needed in point-to-point 

communications  
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Frequency-Division Duplexing (FDD)
25

– Components of the transmitted signal that leak into the 
receive band are attenuated by typically only about 50 dB

– Duplexer has higher losses, ~ 3 dB
– High filter requirements (sharp filters)
– Spectral leakage to adjacent channels in the transmitter 

output
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Examples

26

Standard Duplex

GSM TDD

WCDMA FDD

CDMA2000 FDD

WiMAX FDD/TDD

LTE FDD/TDD

WLAN TDD

DECT TDD
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Frequency bands 4G (and 3G) 27
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Multiple Access Techniques: chapter 3.6,  
TX Architectures: chapter 4.3

28

• Multiple Access Techniques
– Duplex Communication
– Multiple Access Techniques (3.6.2, 3.6.3)
– Multiplexing Techniques

• Direct-Conversion Transmitter
• Two-step Conversion Transmitter
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Multiple-Access 
29

• Used in point-to-multipoint communication systems

mobile users within a 
cell communicating 
with the basestation
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Frequency-Division Multiple Access (FDMA)
30

• Each user is given a frequency channel and it can 
only use that for communication.

• The channel information is sent to the user before the 
actual communication.

• At the end of the communication, the channel 
becomes available to other users.
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Time-Division Multiple Access (TDMA)

31

• Same band is available to each user. Each user is 
given a time slot, in which it can communicate

• The mobile still operates in  
between bursts, but with  
much less power consumption, 
e.g. can listen to network  
commands
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TDMA compared with FDMA

32

• The power amplifier can be turned off in unused/RX 
time slots.

• Digitized speech can be compressed in time by a 
large factor, smaller required bandwidth.

• Even with FDD, TDMA bursts can be timed so the 
receive and transmit paths are never enabled 
simultaneously

• More complex due to A/D conversion, digital 
modulation, time slot and frame synchronization, etc.
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TDMA with FDMA
33

• In most real TDMA systems, a combination of TDMA 
and FDMA is used. 

• This means each frequency channel is time-shared 
among many users.

• Ex: GSM 8 time slots,  
200 kHz/channel, 
typ. 25 MHz 
spectrum

Time Slots

Users

Frequency Channels
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Code-Division Multiple Access (CDMA)
34

• All users send/receive data at the same time and at 
the same frequency but in code.

• Similar to the case when many people talk to each 
other at the same time in the same room but with 
different languages.
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The Cocktail party effect
35

• The cocktail party effect is the phenomenon of the 
brain's ability to focus one's auditory attention (an effect 
of selective attention in the brain) on a particular 
stimulus while filtering out a range of other stimuli, as 
when a partygoer can focus on a single conversation in 
a noisy room.

• Listeners have the ability to  
both segregate different stimuli  
into different streams, and  
subsequently decide which  
streams are most pertinent  
to them.

[Wikipedia]
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Code-Division Multiple Access (CDMA)
36

• At each user terminal, the original data bits are 
multiplied by the code and therefore require a 
wider bandwidth (”Spread Spectrum”).

• The receiver “decodes” the data by multiplying 
it by the same code.
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Code-Division Multiple Access (CDMA)
37

• Coding and decoding is performed in the digital 
domain.

• The radio transmitter sends data with a higher data 
rate (increased bandwidth).

• In order for the decoding to work properly, received 
power from all users should be the same at the 
receiver (adaptive power control).

• CDMA allows the widened spectra of many users to 
fall in the same frequency band.
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CDMA

Walsh’s recursive equation:
W1 = 0

38

• CDMA allows the widened spectra of many users to 
fall in the same frequency band.
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39

• In modern use, these error correcting codes are 
referred to as Walsh–Hadamard codes.

Ted's history corner
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DS Code-Division Multiple Access (CDMA)
40

• Although BW is higher, CDMA allows the widened 
spectra of many users to fall in the same frequency 
band.
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Direct-Sequence CDMA: Spectrum and Power
41

• Demodulation: desired signal is “de-spread”, unwanted signal 
remains spread.

• Many users: like white noise.
• "Soft" capacity limit.
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Direct-Sequence CDMA: Spectrum and Power

42

• Near/Far Effect: one high-power transmitter can 
virtually halt communications among others: requires 
power control (from the basestation).
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Frequency-Hopping CDMA

43

• Can be viewed as FDMA with pseudo-random 
channel allocation.

• Occasional overlap of the spectra raises the 
probability of error. 
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Systems using CDMA

44

• DS-CDMA: military, IS-95 (2G, USA), WCDMA (3G, 
Europe/world), CDMA2000 (3G, USA).

• FH-CDMA: Bluetooth.
• GPS.
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Wideband CDMA (WCDMA) (3G)

45

• FDD. Uses BPSK for uplink, QPSK for downlink. With 
5 MHz channel width (3.84 MHz effectively), 384 kb/s 
is possible.
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46

• CDMA, or code division multiple 
access, can actually be traced back 
to the 1940s. 

• Hollywood actress Hedy Lamarr and 
composer George Antheil, inspired 
by the way musical notes are 
arranged, theorized that multiple 
frequencies could be used to send a 
single radio transmission. 
”Frequency hopping” could prevent a 
radio signal from being jammed. 

• They patented the idea and gave it 
to the U.S. government for use in 
World War II, but it was largely 
ignored and the patent eventually 
expired.

Ted's history corner
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Carrier aggregation: using more bands 
for one communication link

47

• Carrier aggregation or channel aggregation enables 
multiple LTE carriers to be used together to provide the 
high data rates required for 4G LTE Advanced
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Multiple Access Techniques: chapter 3.6,  
TX Architectures: chapter 4.3

48

• Multiple Access Techniques
– Duplex Communication
– Multiple Access Techniques
– Multiplexing Techniques

• Direct-Conversion Transmitter
• Two-step Conversion Transmitter
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Multiplexing
49

• Multiplexing is performed when several data sources 
should be gathered and transferred over a common 
media

point-to-point wireless links 

Fiber optical gigabit Ethernet 
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Time-Division Multiplexing
50

• TDM is a technique to combine several data streams 
into a higher speed link

• Data from several user is placed in different “time 
slots” of a “frame”. The frame is transmitted over the 
link and on the receiver side is de-multiplexed again



TSEK02 Radio Electronics 2019/Ted Johansson

Frequency-Division Multiplexing
51

• In FDM each data stream is placed at different frequency 
transmitted 

• Employed in analog telephone systems 
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The "backhaul"
52

• The backhaul portion of the network comprises the 
intermediate links between the core network, or 
backbone network and the small subnetworks at the 
"edge" of the entire hierarchical network. (Wikipedia)
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Multiple Access Techniques: chapter 3.6,  
TX Architectures: chapter 4.3
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• Multiple Access Techniques
– Duplex Communication
– Multiple Access Techniques
– Multiplexing Techniques

• Direct-Conversion Transmitter (4.3.2, 4.3.3)
• Two-step Conversion Transmitter
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Generic RF Transceiver

54
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Shannon’s theorem

55

• ”The achievable data rate of a communication channel is equal 
to B log2(1 + SNR)”, where B denotes the bandwidth and SNR the 
signal-to-noise ratio (not in dB!). Unit is bits per second (b/s).

• "Information" is thought of as a set of possible messages, where 
the goal is to send these messages over a noisy channel, and then 
to have the receiver reconstruct the message with low probability 
of error, in spite of the channel noise. 
 
Shannon's main result, the Noisy-channel coding theorem showed 
that, in the limit of many channel uses, the rate of information that 
is asymptotically achievable is equal to the Channel capacity, a 
quantity dependent merely on the statistics of the channel over 
which the messages are sent. (Wikipedia)
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56Ted's history corner

Shannon is "the father of information theory" 
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4.3.2 Direct-Conversion Transmitter
57

• Most modulation schemes can be implemented by 
quadrature modulators

• Power of the signal needs to be amplified so that the 
signal can reach the receiver

Carriers are generated by 
a ”Local Oscillator”

For practical purposes, 
amplification may be performed in 
several stages

This architecture is called 
Direct-Conversion Transmitter

LO
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Direct-Conversion Transmitter: Issues

58

• I/Q mismatch
• Carrier leakage
• Mixer linearity
• TX linearity
• Oscillator pulling
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IQ mismatch/imbalance
59

• The two orthogonal carriers are generated from the 
same local oscillator by:
– Quadrature VCO
– Polyphase filters
– Frequency division
– ...

In practice, these signals have 
amplitude and phase 
mismatch
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IQ mismatch/imbalance
60

• Let us again consider the quadrature modulated 
signal: 

• We introduce an unknown amount of amplitude and 
phase mismatch between the two carriers

s(t)=I(t) cosωct – Q(t) sin ωct

y(t)=I(t) cosωct – Q(t) εsin (ωct+Δθ)  
     =I(t) cosωct – Q(t) εcosΔθ sin ωct – Q(t) εsinΔθ cos ωct 

      =[I(t) - εsinΔθ Q(t)] cosωct – [Q(t) εcosΔθ] sin ωct

Distortion to the I and Q data
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Effect of IQ mismatch on the Constellation

61

• In presence of IQ mismatch the constellation diagram 
is tilted
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Carrier Leakage
62

• In-phase and Quadrature data are at baseband (ω=0) 
and are directly shifted to the carrier frequency

• Carriers are generated by the local oscillator (LO)
• In practice, there are always leakage paths from the 

LO to the output
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Carrier Leakage
63

• To understand how carrier leakage affects the transmitted 
signal, consider a quadrature modulated signal: 
 

• If a certain amount of the carrier signal leaks to the output 
it adds to the signal with unknown amplitude and phase:

s(t)=I(t) cosωct – Q(t) sin ωct

y(t)=I(t) cosωct – Q(t) sinωct + k cos(ωct + ϕ)
      =I(t) cosωct – Q(t) sinωct + k cosϕ cosωct - k sinϕ sinωct 

      =[I(t)+ k cosϕ] cosωct – [Q(t)+ k sinϕ] sinωct
Distortion to the I and Q data
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Effect of Carrier Leakage on the Constellation

64

• Effect of carrier leakage is a shift of origin

s(t)=I(t) cosωct – Q(t) sin ωct

y(t)=[I(t)+ k cosϕ] cosωct – [Q(t)+ k sinϕ] sinωct
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Phase and Frequency Instability
65

• Local Oscillators exhibit frequency instabilities
– Short-term frequency instability is referred to as 

phase noise
– Long-term frequency instability is referred to as 

frequency drift

Since LO is 
operating at high 
frequencies, its 
phase noise 
performance is 
degraded
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Phase Noise
66

• The spectrum of an oscillator deviates in practice from 
an impulse and is “broadened” by the noise of its 
constituent devices, called phase noise.

• Phase noise bears direct trade-offs with the tuning 
range and power dissipation of oscillators, making the 
design more challenging.

• Phase noise is  
inversely proportional  
to Q of LC oscillators.
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Effect of Phase Noise on the Constellation
67

• Effect of phase noise on the constellation diagram:
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TX Linearity
68

• Typically 20-30 dB gain is needed in the transmitter 
chain

• Most systems also require adaptive gain control for 
adjustment of transmitted power
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Oscillator Pulling
69

• The PA output exhibits very large swings, which couple to 
various parts of the system through the silicon substrate, 
package parasitics, and traces on the printed-circuit 
board. 

• A fraction of the PA output couples to the local oscillator.
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Effect of Oscillator Pulling
70

• The output phase of the oscillator, Φout, is modulated periodically.
• In order to avoid injection pulling, the PA output frequency and the 

oscillator frequency must be made sufficiently different.
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÷2 Direct-Conversion Transmitter (4.3.3)
71

• Most of today’s direct-conversion transmitters avoid an 
oscillator frequency equal to the PA output frequency by 
running LO at 2x carrier (below)

• This architecture is popular for two reasons: injection 
pulling is greatly reduced, and the divider provides 
quadrature phases of the carrier
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Multiple Access Techniques: chapter 3.6,  
TX Architectures: chapter 4.3

72

• Multiple Access Techniques
– Duplex Communication
– Multiple Access Techniques
– Multiplexing Techniques

• Direct-Conversion Transmitter
• Two-step Conversion Transmitter (4.3.4)
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Motivation

73

• Several of signal impairments which exist in the Direct 
Conversion Transmission can be reduced by Two-
Step Conversion or Heterodyne transmitter 
architecture

• The word heterodyne actually just means frequency 
conversion by mixing. Often people talk about 
superheterodyne (for the RX) when they refer to a 
two-step frequency conversion.
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74Ted's history corner

Fessenden invented the heterodyne (mixer) in 1901 and used it for 
direction conversion receivers (zero-IF) 
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75Ted's history corner

Armstrong invented the superheterodyne receiver in 1918
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Two-step Conversion Transmitter
76

• In this architecture, we intentionally do not choose 
carrier frequency of the quadrature modulator to be 
the final transmission frequency, and perform a 
second frequency up-conversion by ω2.

• We call ω1 the intermediate frequency (IF).
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Two-step Conversion - Advantages
This LO is operating at low 
frequency 
+ lower phase noise
+ less IQ mismatch

None of the two LO operates at the output frequency so LO leakage does not distort 
the transmitted signal

Gain and level control may be much 
more effectively performed at the 

intermediate frequency

77



TSEK02 Radio Electronics 2019/Ted Johansson

Two-step Conversion - Disadvantages

Additional RF mixer

Two Local Oscillators are needed. 

This filter is critical in 
removing the unwanted sideband

78
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Choice of Intermediate Frequency (IF)
79

• Low IF
• Lower phase noise on LO1
• Less IQ mismatch
• Higher LO2 and risk for leakage to the output
• Sharper filtering due to less separation of the two sidebands

Choice of IF is not a trivial task 
and requires iterative analysis 
and simulation of the system
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Other Transmitter types 80

• Envelope tracking

• Outphasing

• Pulse-width modulation
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