
This episode focuses on RF mixers, and on frequency conversion schemes commonly used in wireless hardware. 
Starting with the basics, the process of up and down conversion is described and then demonstrated using a TinySA
spectrum analyzer and a homebrew mixer built from an NE602 integrated circuit. Superheterodyne and direct 
conversion architectures are covered in some detail, and the video concludes with an examination of the dual 
conversion design used in modern spectrum analyzers. The second half of Episode 5 covers some of the math behind 
mixing and discusses practical switching mixer circuits commonly used in radio hardware. 

Radio Design 101

Episode 5 – RF Mixers and Frequency Conversion

Slides downloaded from: https://ecefiles.org/rf-design/

Companion videos at: https://www.youtube.com/watch?v=uiTrCUNRUIA (Part 1)

and: https://www.youtube.com/watch?v=nGOxNGZQ0EM (Part 2)

This material is provided by ecefiles.org for educational use only.

https://ecefiles.org/rf-design/
https://www.youtube.com/watch?v=uiTrCUNRUIA
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Radio Design 101
Episode 5

RF Mixers



Class Project - FM Broadcast Receiver

Project 3 – Mixer / IF Filter
(This Video + Part 2)

87.9 to 
107.9 MHz

77.2 to 
97.2 MHz

10.7 MHz



Episode 5 Topics

• Overview, Demos, and Applications

• A Quick Math Review / Description

• Mixer Circuit Designs

• FM Receiver Mixer and Spectrums



Tuned-RF Receiver (without mixer)

Early radios amplified and demodulated directly at RF …

• Achieving high gain for good 

sensitivity becomes difficult 

at higher frequencies (more 

prone to oscillations)

• Filter Q required for good 

selectivity increases with RF 

frequency

• Filters have to be retuned 

when changing channels 

Problems:



Mixers Do Frequency Conversions

A key function in virtually all modern high-frequency radio designs …

Mixer
• Superheterodyne receivers 

like this one,

• Direct conversion receivers 

like in cellphones,

• Up/down conversion designs 

in Spectrum Analyzers,

• Receive channels in Vector 

Network Analyzers (VNAs)

• Transmitters, frequency 

synthesizers, and more !

Including:



Frequency Conversion Demo

90 MHz
+/- 2.5 MHz

160 MHz
70 MHz

IF

RF

LO

Mixer

? ?

“Downconverted Product”

“Upconverted Product”

LO “Feedthru”

RF “Feedthru”

Classic NE/SA602 Mixer IC

20 MHz

30 dB

Attenuator



Mixer Build on Protoboard

NOTES:

• PCB is a modified version of RF prototyping boards used 

in senior RF design class, fabricated through ExpressPCB

• Used 1 uF for C1, C2 and 22nF for C3 through C5.

• R1, R2 not used in this build but might be wise

• Some zero Ohm resistors used to bridge pads.

• Grounds are a pain to solder on the backside (but no 

drilling needed ☺ )



IF Out Frequencies For Other        Settings𝑓𝐿𝑂

Low Side Injection: 𝑓𝐿𝑂 < 𝑓𝑅𝐹 High Side Injection: 𝑓𝐿𝑂 > 𝑓𝑅𝐹



The Image Problem

• 915 MHz and 893.6 MHz will both produce 10.7 MHz and get through 

the IF channel-select filter

• The undesired response to 893.6 is called an image response

• Becomes a problem if there are signals (or noise) at that frequency



Solutions

Mitigations: • Add bandpass filter(s) before mixer

• Use a higher IF frequency

• Use image-reject mixers (20 to 40 dB rejection typical)

• Use “Zero-IF” / “direct-conversion” design

• Use dual-conversion architectures

110 MHz

805 MHz

695 MHz

Next slides



Solution Used in Modern Cell Phones

• “Zero-IF” or “Direct Conversion” architecture
• Needs “Quadrature LO” and processing of “IQ” outputs

• May not be ideal for narrowband systems

90 MHz Baseband

90 MHz

c𝒐𝒔(𝟐𝝅𝒇𝑹𝑭𝒕)

s𝐢𝒏(𝟐𝝅𝒇𝑹𝑭𝒕)



IF Output Frequencies for Direct Conversion

𝒇𝑳𝑶 = 𝒇𝑹𝑭

“Zero” IF (half-bandwidth of RF signal)90 MHz Baseband

90 MHz

c𝒐𝒔(𝟐𝝅𝒇𝑹𝑭𝒕)

s𝐢𝒏(𝟐𝝅𝒇𝑳𝑶𝒕)

NOTE:  

Only “in-phase” (I) output shown here.

Requires both I and Q and complex math to process

“negative frequencies” in general



To DSP/

display

Solution Used in TinySA

From  IMSAI Guy’s YouTube channel From  Silicon Labs Si4432 datasheet

Upconvert, filter, downconvert, DSP

(Low Band)

First Si4432 IC
Uses TX output for swept LO

Second Si4432 IC
Implements zero-IF receiver



Up/Down Conversion Spectrums
(Low Band)

𝑓𝑜 = 434 𝑀𝐻𝑧
BW = 600 kHz

𝑓𝑐 = 350 𝑀𝐻𝑧

534 𝑀𝐻𝑧

1 GHz100 MHz f

dBm

1 GHz100 MHz f

dBm

350 MHz

1 GHz434 MHz f

dBm

534 MHz

1 GHz434 MHz f

dBm

1 GHz f

dBm

534 MHz

To DSP/
display

1 GHz
0 Hz

f

dBm

(434 − 784 𝑀𝐻𝑧)

NOTE:

DSP-based “resolution bandwidth” (RBW) filters in 
NanoVNA firmware narrow up bandwidth further (to as 
low as 3 kHz)



1st LO Feedthrough at RF Input
(Low Band)

Full Low-Band (0 to 350 MHz sweep) Zero-span mode at 100 MHz

0 Hz to 1 GHz sweep

Max-hold mode

Marker delta = 350 MHz
NOTE:
0 dB attenuation 
setting used on 
both units



Radio Design 101
Episode 5

RF Mixers
(Part 2)

𝒗𝑳𝑶 𝒕

𝒗𝑹𝑭 𝒕 𝒗𝑰𝑭 𝒕



Frequency Conversion Demo

90 MHz
+/- 2.5 MHz

160 MHz
70 MHz

IF

RF

LO

Mixer “Downconverted Product”

“Upconverted Product”

LO “Feedthru”

RF “Feedthru”

Classic NE/SA602 Mixer IC

20 MHz

30 dB

Attenuator



Topic Outline

• A Quick Math Review / Description

• Mixer Circuit Designs

• FM Receiver Mixer and Spectrums



Topic Outline

• A Quick Math Review / Description

• Mixer Circuit Designs

• FM Receiver Mixer and Spectrums



Co-sine Wave Parameters

Recall time-domain description of sinewaves (or cosines):

𝑣𝑅𝐹 𝑡 = 𝑉𝑅𝐹 𝑐𝑜𝑠 2𝜋 𝑓𝑅𝐹 𝑡 + 𝜃𝑅𝐹

If 𝑽𝑹𝑭= 0.2, 𝒇𝑹𝑭= 100E6, and 𝜽𝑹𝑭= −
𝜋

2

(𝑖. 𝑒. 0.2 𝑉𝑝𝑒𝑎𝑘, 100 𝑀𝐻𝑧, 𝑎𝑛𝑑 − 90 𝑑𝑒𝑔𝑟𝑒𝑒𝑠), 𝑤𝑒 𝑔𝑒𝑡 𝑡ℎ𝑖𝑠:

𝒗𝑳𝑶 𝒕

𝒗𝑹𝑭 𝒕 𝒗𝑰𝑭 𝒕



Mixers Are Multipliers

𝒗𝑳𝑶 𝒕

𝒗𝑹𝑭 𝒕 𝒗𝑰𝑭 𝒕 = 𝒗𝑳𝑶 𝒕 𝒗𝑹𝑭 𝒕

=  𝑽𝑳𝑶 𝒄𝒐𝒔 𝟐𝝅 𝒇𝑳𝑶 𝒕 𝑽𝑹𝑭 𝒄𝒐𝒔 𝟐𝝅 𝒇𝑹𝑭 𝒕 + 𝜽𝑹𝑭

= 
𝟏

𝟐
𝑽𝑳𝑶𝑽𝑹𝑭 𝒄𝒐𝒔 𝟐𝝅 𝒇𝑹𝑭− 𝒇𝑳𝑶 𝒕 + 𝜽𝑹𝑭 + 𝒄𝒐𝒔 𝟐𝝅 𝒇𝑹𝑭+ 𝒇𝑳𝑶 𝒕 + 𝜽𝑹𝑭

? ?

“Downconverted Product” “Upconverted Product”

LO and RF “Feedthru”

Time

Domain
Frequency
Domain



Real Mixers Multiply by Squarewaves

Time Domain
Frequency Domain

𝑓𝐼𝐹 = ±𝑁𝑓𝑅𝐹 ± 𝑀𝑓𝐿𝑂

Usually, N = 0, 1  and M = 0, 1, 2, 3, 4, 5, …

0 to 350 MHz Sweep



Topic Outline

• A Quick Math Review / Description

• Mixer Circuit Designs

• FM Receiver Mixer and Spectrums



Mixer Circuits

𝒗𝑳𝑶 𝒕

𝒗𝑹𝑭 𝒕 𝒗𝑰𝑭 𝒕



24 GHz Doppler Radar with Simple Diode Mixer

https://www.allaboutcircuits.com/news/teardown-tuesday-radar-gun/

http://cdn.macom.com/datasheets/MACS-007801-0M1RM0.pdf

Doppler audio (10Hz to 5 kHz) to LPF, amps, ADC, 

microcontroller/DSP, and display

24.125 GHz 

transmit and 

receive signals 

to/from horn

https://www.allaboutcircuits.com/news/teardown-tuesday-radar-gun/
http://cdn.macom.com/datasheets/MACS-007801-0M1RM0.pdf


BJT Mixer in FM Receiver

LO drive level about 100 mV peak

Type equation here.

𝑖𝑐 = 𝐼𝑜 𝑒
1

𝑛𝑉𝑇
𝑉𝐵𝐸+𝑘1𝑣𝐿𝑂+𝑘2𝑣𝑅𝐹

𝑖𝑐 𝑡 ≈ 𝐼𝐵𝐼𝐴𝑆 𝑣𝐿𝑂
′ 𝑡 1 +

1

𝑛𝑉𝑇
𝑘2𝑣𝑅𝐹 𝑡

= 𝐼𝐵𝐼𝐴𝑆 𝑣𝐿𝑂
′ 𝑡 + 𝑔𝑚𝑣𝐿𝑂

′ 𝑡 𝑘2𝑣𝑅𝐹 𝑡

𝑣𝐿𝑂
′

𝑡

3



Pentode Mixer in SB-102 Transceiver

From modulator

and first TX mixer

LO from V19

crystal oscillator

To driver and

final amplifiers

LO drive level about 1 to 2V peak



Mixer Circuits

𝒗𝑳𝑶 𝒕

𝒗𝑹𝑭 𝒕 𝒗𝑰𝑭 𝒕



Diode Ring Mixers

LO drive level +4 to +10 dBm



NE/SA602 Gilbert Cell IC Mixer



SA602A Datasheet Info

Add 1.5K to 300 Ohm

matching for typical

10.7 MHz IF filters

Oops ! 



Mixers Used in NanoVNA

NanoVNA uses an “ultra-low IF” receiver architecture…

https://www.aliexpress.com/item/33011709985.html fo fo + 5 kHz

3 receiver channels

(Low Band)



Topic Outline

• A Quick Math Review / Description

• Mixer Circuit Designs

• FM Receiver Mixer and Spectrums



Recall Semester Project



Superhet Receiver Spectrums



Down-converting the FM Band !

0 to 30 MHz

0 to 350 MHz

NOTE: IF filter not yet added and no matching 

networks used, so full IF output can be seen, at 

expense of low gain 

96 MHz is converted

to 11 MHz

Lots of other 

channels !

FM band
from antenna
and LNA



To Be Done (TBDs):

• Add IF filter at output

• Add matching networks at RF 

and IF ports of mixer

• Do project 4 (IF amp, demod, 
and audio amp) 

• Order some parts ☺

TBDs



Piezo-electric IF Filters
10.7 MHz Center,  200 kHz/div horz, 10dB/div vert



SMD IF Filters

10.7 MHz center,  
200 kHz/div horz, 
10dB/div vert

Test with 4:1 impedance transformers



Class Project - FM Broadcast Receiver

Project 4
IF Subsystem and Audio Amp

(Next Episode)

87.9 to 
107.9 MHz

77.2 to 
97.2 MHz

10.7 MHz



Thanks For 

Watching !
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