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The size of the antenna increases with the frequency of 
operation i.e., the higher the frequency the larger the size.

A. 𝑇𝑟𝑢𝑒

B. 𝐹𝑎𝑙𝑠𝑒
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Power Amplifier: 
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Low Noise Amplifier: 
Amplify signal power with minimal noise

• Gain
• Efficiency
• Saturation

Amplifiers

dB scale = 𝟏𝟎 𝐥𝐨𝐠𝟏𝟎𝑮𝒂𝒊𝒏

dBm = 𝟏𝟎 𝐥𝐨𝐠𝟏𝟎
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Up/Down Conversion
Baseband Baseband
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Why do we need to up/down conversion?

§ Why not transmit everything at lower frequencies?

Not enough bandwidth:
Data rate ∝ bandwidth

Different Technologies
Antenna size ∝ wavelength
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Up/Down Conversion
Baseband Baseband

𝑓!𝐵0 0 𝐵0

Passband

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

Not enough bandwidth:
Data rate ∝ bandwidth

Different Technologies
Antenna size ∝ wavelength

§ Why not transmit & receive directly at high frequency? 
Nyquist!



Nyquist Theorem

Baseband

𝐵0

𝑓!0

Passband

To recover the signal properly, we need to sample at twice 
the highest frequency, i.e. 2𝑓!"#

Sample at 2𝐵

Sample at 2𝑓$ + 𝐵
e.g. WiFi 802.11b ≈ 5 GS/s

e.g. WiFi 802.11b ≈ 40 MS/s



Up/Down Conversion

How to we do up/down conversion?
𝑠 𝑡

cos 2𝜋𝑓$𝑡

𝑠 𝑡 cos 2𝜋𝑓$𝑡×

cos 2𝜋𝑓$𝑡

× 𝑠 𝑡 cos% 2𝜋𝑓$𝑡

𝑠 𝑡
1
2 +

1
2 cos 2𝜋 2𝑓$ 𝑡

𝑠 𝑡 cos% 2𝜋𝑓$𝑡 =

Transmitter
Up-conversion

Receiver
Down-conversion

PLL

Mixer

PLL

Mixer



Up/Down Conversion

How to we do up/down conversion?
𝑠 𝑡

cos 2𝜋𝑓$𝑡

𝑠 𝑡 cos 2𝜋𝑓$𝑡×

cos 2𝜋𝑓$𝑡

× 𝑠 𝑡 cos% 2𝜋𝑓$𝑡

𝑠 𝑡
1
2 +

1
2 cos 2𝜋 2𝑓$ 𝑡Low Pass Filter

𝑠 𝑡 cos% 2𝜋𝑓$𝑡 = =
1
2 𝑠 𝑡

Transmitter
Up-conversion

Receiver
Down-conversion

PLL

Mixer

PLL

Mixer

LPF



Up/Down Conversion

𝑠 𝑡

cos 2𝜋𝑓$𝑡

𝑠 𝑡 cos 2𝜋𝑓$𝑡×

cos 2𝜋𝑓$𝑡

× 𝑠 𝑡 cos% 2𝜋𝑓$𝑡



Up/Down Conversion
𝑠 𝑡

cos 2𝜋𝑓$𝑡

𝑠 𝑡 cos 2𝜋𝑓$𝑡×

cos 2𝜋𝑓$𝑡

× 𝑠 𝑡 cos% 2𝜋𝑓$𝑡

𝑠 𝑡 is real è𝑆 𝑓 is symmetric around 0

0 𝐵−𝐵



Up/Down Conversion
𝑠 𝑡

cos 2𝜋𝑓$𝑡

𝑠 𝑡 cos 2𝜋𝑓$𝑡×

cos 2𝜋𝑓$𝑡

× 𝑠 𝑡 cos% 2𝜋𝑓$𝑡

𝑆 𝑓

0 𝐵−𝐵

0 𝑓!−𝑓!

1
2
𝛿 𝑓 − 𝑓! +

1
2
𝛿 𝑓 + 𝑓!

⊛



Up/Down Conversion
𝑠 𝑡

cos 2𝜋𝑓$𝑡

𝑠 𝑡 cos 2𝜋𝑓$𝑡×

cos 2𝜋𝑓$𝑡

× 𝑠 𝑡 cos% 2𝜋𝑓$𝑡

𝑆 𝑓

0 𝐵−𝐵

0 𝑓!−𝑓!

1
2
𝛿 𝑓 − 𝑓! +

1
2
𝛿 𝑓 + 𝑓!

1
2
𝑆 𝑓 − 𝑓! +

1
2
𝑆 𝑓 + 𝑓!⊛

0 𝑓!−𝑓!



Up/Down Conversion
𝑠 𝑡

cos 2𝜋𝑓$𝑡

𝑠 𝑡 cos 2𝜋𝑓$𝑡×

cos 2𝜋𝑓$𝑡

× 𝑠 𝑡 cos% 2𝜋𝑓$𝑡

0 𝑓!−𝑓!

⊛
1
2
𝛿 𝑓 − 𝑓* +

1
2
𝛿 𝑓 + 𝑓*

1
2
𝑆 𝑓 − 𝑓* +

1
2
𝑆 𝑓 + 𝑓*

1
4
𝑆 𝑓 − 2𝑓! +

1
4
𝑆 𝑓

+
1
4
𝑆 𝑓 +

1
4
𝑆 𝑓 + 2𝑓!

0 𝑓!−𝑓!



Up/Down Conversion
𝑠 𝑡

cos 2𝜋𝑓$𝑡

𝑠 𝑡 cos 2𝜋𝑓$𝑡×

cos 2𝜋𝑓$𝑡

× 𝑠 𝑡 cos% 2𝜋𝑓$𝑡

0 𝑓!−𝑓!

⊛
1
2
𝛿 𝑓 − 𝑓* +

1
2
𝛿 𝑓 + 𝑓*

1
2
𝑆 𝑓 − 𝑓* +

1
2
𝑆 𝑓 + 𝑓*

0 𝑓!−𝑓! 1
4
𝑆 𝑓 − 2𝑓! +

1
4
𝑆 𝑓 + 2𝑓! +

1
2
𝑆 𝑓

0 𝑓!−𝑓! 2𝑓!−2𝑓!



Up/Down Conversion
𝑠 𝑡

cos 2𝜋𝑓$𝑡

𝑠 𝑡 cos 2𝜋𝑓$𝑡×

cos 2𝜋𝑓$𝑡

× 𝑠 𝑡 cos% 2𝜋𝑓$𝑡

0 𝑓!−𝑓!

⊛
1
2
𝛿 𝑓 − 𝑓* +

1
2
𝛿 𝑓 + 𝑓*

1
2
𝑆 𝑓 − 𝑓* +

1
2
𝑆 𝑓 + 𝑓*

0 𝑓!−𝑓! 1
4
𝑆 𝑓 − 2𝑓! +

1
4
𝑆 𝑓 + 2𝑓! +

1
2
𝑆 𝑓

0 𝑓!−𝑓! 2𝑓!−2𝑓!

Low Pass Filter



Up/Down Conversion
𝑠 𝑡

cos 2𝜋𝑓$𝑡

𝑠 𝑡 cos 2𝜋𝑓$𝑡×

cos 2𝜋𝑓$𝑡

× 𝑠 𝑡 cos% 2𝜋𝑓$𝑡

𝑠 𝑡 is complex: 𝑠 𝑡 = 𝐼 + 𝑗𝑄



Up Conversion
𝑠 𝑡

cos 2𝜋𝑓$𝑡

𝑠 𝑡 cos 2𝜋𝑓$𝑡×

𝑠 𝑡 is complex: 𝑠 𝑡 = 𝐼 + 𝑗𝑄



Up Conversion

ℜ𝔢 𝑠 𝑡

cos 2𝜋𝑓$𝑡

𝐼 cos 2𝜋𝑓$𝑡×

ℑ𝔪 𝑠 𝑡

sin 2𝜋𝑓$𝑡

𝑄 sin 2𝜋𝑓$𝑡×

+ 𝐼 cos 2𝜋𝑓$𝑡
+𝑄 sin 2𝜋𝑓$𝑡



Down Conversion

cos 2𝜋𝑓!𝑡

𝐼 cos" 2𝜋𝑓!𝑡 + 𝑄 cos 2𝜋𝑓!𝑡 sin 2𝜋𝑓!𝑡×

sin 2𝜋𝑓!𝑡

𝑄 sin" 2𝜋𝑓!𝑡 + 𝐼 cos 2𝜋𝑓!𝑡 sin 2𝜋𝑓!𝑡×

=
1
2
𝑄 1 − cos 2𝜋 2𝑓! 𝑡 +

1
2
𝐼 sin 2𝜋 2𝑓!𝑡

=
1
2
𝐼 1 + cos 2𝜋 2𝑓! 𝑡 +

1
2
𝑄 sin 2𝜋 2𝑓!𝑡𝐼 cos 2𝜋𝑓*𝑡

+𝑄 sin 2𝜋𝑓*𝑡



Down Conversion

cos 2𝜋𝑓!𝑡

𝐼 cos" 2𝜋𝑓!𝑡 + 𝑄 cos 2𝜋𝑓!𝑡 sin 2𝜋𝑓!𝑡×

sin 2𝜋𝑓!𝑡

𝑄 sin" 2𝜋𝑓!𝑡 + 𝐼 cos 2𝜋𝑓!𝑡 sin 2𝜋𝑓!𝑡×

=
1
2
𝑄 1 − cos 2𝜋 2𝑓! 𝑡 +

1
2
𝐼 sin 2𝜋 2𝑓!𝑡

=
1
2
𝐼 1 + cos 2𝜋 2𝑓! 𝑡 +

1
2
𝑄 sin 2𝜋 2𝑓!𝑡Low Pass Filter

Low Pass Filter

Low Pass Filter

Low Pass Filter

=
1
2
𝑄

=
1
2
𝐼

𝐼 cos 2𝜋𝑓*𝑡
+𝑄 sin 2𝜋𝑓*𝑡



Up/Down Conversion

cos 2𝜋𝑓!𝑡

×

sin 2𝜋𝑓!𝑡

×

+ 𝐼 cos 2𝜋𝑓!𝑡
+𝑄 sin 2𝜋𝑓!𝑡

ℜ𝔢 𝑠 𝑡 = 𝐼

ℑ𝔪 𝑠 𝑡 = 𝑄

cos 2𝜋𝑓!𝑡

×

sin 2𝜋𝑓!𝑡

×

LPF

LPF

𝐼

𝑄

Transmitter Receiver

𝑠 𝑡 𝑒&'%()#*× ℜ𝔢 𝑠 𝑡 𝑒"#$%&+' 𝑒#$%&+'×

=
1
2 𝑠 𝑡 𝑒

!"#$%!& +
1
2 𝑠

∗ 𝑡 𝑒"#$%!&

𝑠 𝑡

=
1
2 𝑠 𝑡 +

1
2 𝑠

∗ 𝑡 𝑒"#$#%!&Low Pass Filter



Up/Down Conversion
Transmitter Receiver

𝑠 𝑡 𝑒&'%()#*× ℜ𝔢 𝑠 𝑡 𝑒"#$%&+' 𝑒#$%&+'× 𝑠 𝑡

=
1
2 𝑠 𝑡 𝑒

!"#$%!& +
1
2 𝑠

∗ 𝑡 𝑒"#$%!& =
1
2 𝑠 𝑡 +

1
2 𝑠

∗ 𝑡 𝑒"#$#%!&Low Pass Filter



Up/Down Conversion
Transmitter Receiver

𝑠 𝑡 𝑒&'%()#*× ℜ𝔢 𝑠 𝑡 𝑒"#$%&+' 𝑒#$%&+'× 𝑠 𝑡

𝑆 𝑓

0 𝐵−𝐵

0 𝑓(−𝑓(

1
2
𝛿 𝑓 − 𝑓(

=
1
2 𝑠 𝑡 𝑒

!"#$%!& +
1
2 𝑠

∗ 𝑡 𝑒"#$%!& =
1
2 𝑠 𝑡 +

1
2 𝑠

∗ 𝑡 𝑒"#$#%!&Low Pass Filter

𝑆∗ −𝑓

0 𝐵−𝐵

0 𝑓(−𝑓(

1
2 𝛿 𝑓 + 𝑓(

⊛

⊛

=
0 𝑓(−𝑓(

=
0 𝑓(−𝑓(

1
2
𝑆 𝑓 + 𝑓(

1
2 𝑆

∗ −𝑓 + 𝑓(



Up/Down Conversion
Transmitter Receiver

0 𝑓(−𝑓(

1
2 𝑆 𝑓 + 𝑓( +

1
2𝑆

∗ −𝑓 + 𝑓(

0 𝑓(−𝑓(

𝛿 𝑓 − 𝑓(

⊛ =
0 𝑓(−𝑓( 2𝑓(

1
2 𝑆 𝑓 +

1
2 𝑆

∗ −𝑓 + 2𝑓(

𝑠 𝑡 𝑒&'%()#*× ℜ𝔢 𝑠 𝑡 𝑒"#$%&+' 𝑒#$%&+'× 𝑠 𝑡

=
1
2 𝑠 𝑡 𝑒

!"#$%!& +
1
2 𝑠

∗ 𝑡 𝑒"#$%!& =
1
2 𝑠 𝑡 +

1
2 𝑠

∗ 𝑡 𝑒"#$#%!&Low Pass Filter



Up/Down Conversion
Transmitter Receiver

0 𝑓(−𝑓(

1
2 𝑆 𝑓 + 𝑓( +

1
2𝑆

∗ −𝑓 + 𝑓(

0 𝑓(−𝑓(

𝛿 𝑓 − 𝑓(

⊛ =
0 𝑓(−𝑓( 2𝑓(

1
2 𝑆 𝑓 +

1
2 𝑆

∗ −𝑓 + 2𝑓(

𝑠 𝑡 𝑒&'%()#*× ℜ𝔢 𝑠 𝑡 𝑒"#$%&+' 𝑒#$%&+'× 𝑠 𝑡

=
1
2 𝑠 𝑡 𝑒

!"#$%!& +
1
2 𝑠

∗ 𝑡 𝑒"#$%!& =
1
2 𝑠 𝑡 +

1
2 𝑠

∗ 𝑡 𝑒"#$#%!&Low Pass Filter

Low Pass Filter



Up/Down Conversion

Baseband Passband

0 𝑓(−𝑓(0 𝐵−𝐵

0 𝑓(−𝑓(0 𝐵−𝐵

Sends 𝐵 real symbols/sec with 𝑘 bits/symbol

Sends 𝐵 complex symbols/sec with 2𝑘 bit/symbol
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𝐼
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1101 1001
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1110 1010

1011

Baseband Passband



Up/Down Conversion

Baseband Passband

0 𝑓(−𝑓(

PAM: 

0 𝐵−𝐵

0 𝑓(−𝑓(0 𝐵−𝐵

QAM:

Sends 𝐵 real symbols/sec with 𝑘 bits/symbol

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

−3 +3+1−1

00 011011

−3 +3+1−1

−3

+3

+1

−1

𝐼

𝑄
0000 0100

0001 0101

0011

0010 0110

0111

1100 0100

1101 1001

1111

1110 1010

1011

Baseband Passband

2𝐵



Up/Down Conversion

Baseband Passband

0 𝑓(−𝑓(

PAM: 

0 𝐵−𝐵

0 𝑓(−𝑓(0 𝐵−𝐵

QAM:

Sends 𝐵 real symbols/sec with 𝑘 bits/symbol

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

−3 +3+1−1

00 011011

−3 +3+1−1

−3

+3

+1

−1

𝐼

𝑄
0000 0100

0001 0101

0011

0010 0110

0111

1100 0100

1101 1001

1111

1110 1010

1011

Baseband Passband

2𝐵

Spectral Efficiency: 
𝐵×𝑘 bits/sec

2𝐵 𝐻𝑧
=
𝑘
2
bits/Hz

Spectral Efficiency: 
𝐵×2𝑘 bits/sec

2𝐵 𝐻𝑧
= 𝑘 bits/Hz



Up/Down Conversion

Baseband Passband

0 𝑓(−𝑓(0 𝐵−𝐵

0 𝑓(−𝑓(0 𝐵−𝐵

Sends 𝐵 real symbols/sec with 𝑘 bits/symbol

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

−3 +3+1−1

00 011011

−3 +3+1−1

−3

+3

+1

−1

𝐼

𝑄
0000 0100

0001 0101

0011

0010 0110

0111

1100 0100

1101 1001

1111

1110 1010

1011

Baseband Passband

2𝐵

Spectral Efficiency: 
𝐵×𝑘 bits/sec

2𝐵 𝐻𝑧
=
𝑘
2
bits/Hz

Spectral Efficiency: 
𝐵×2𝑘 bits/sec

2𝐵 𝐻𝑧
= 𝑘 bits/Hz

Complex Modulation è More efficient use of the 
same bandwidth



Up/Down Conversion
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Mixer
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Up/Down Conversion

LPF

PLL

Mixer

PLL

Mixer

Mixer

905

LPFMixer

905

Transmitter
Up-conversion

Receiver
Down-conversion

+



Up/Down Conversion

LPF

BPF

PLL

Mixer

PLL

Mixer

Mixer

+
905

LPFMixe
r

905

Transmitter
Up-conversion

Receiver
Down-conversion

PA

LNABPF



Wireless Radio Frontend

RX

1011010110011001 1011010110011001

Digital 
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Wireless Radio Frontend

RX

1011010110011001 1011010110011001

Digital 
Input

Digital 
Output

LPF BPF

PA

PLL

Mixer

DAC LPFBPFLNA

PLL

Mixer

ADC

TX

DAC: Digital-to-Analog Converter: 
Takes digital signal values and outputs analog 

signal i.e. current/voltage on the circuit.

ADC: Analog-to-Digital Converter:
Takes analog signal and digitizes it, i.e. 

samples and quantizes the signal values. 


