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and cos(-x) = cos(x)
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3.1 A double-sideband signal of the form ])cos()[cos()( ttVtv IFLOIFLORFRF ZZZZ ++−=  is applied 

to a mixer with an LO (local oscillator) voltage given by tV LOLO Zcos . Derive the output of the mixer 
after low pass filtering. 

Solution: 

 

The resultant waveform after the mixing operation corresponds to: 

𝑣𝑅𝐹(𝑡) ∙ 𝑣𝐿𝑂(𝑡) = 𝑉𝑅𝐹[cos(𝜔𝐿𝑂 − 𝜔𝐼𝐹)𝑡 + cos(𝜔𝐿𝑂 + 𝜔𝐼𝐹)𝑡] ∙ 𝑉𝐿𝑂 cos 𝜔𝐿𝑂𝑡                                       

= 𝑉𝑅𝐹𝑉𝐿𝑂 cos(𝜔𝐿𝑂 − 𝜔𝐼𝐹)𝑡 cos𝜔𝐿𝑂𝑡 + 𝑉𝑅𝐹𝑉𝐿𝑂 cos(𝜔𝐿𝑂 + 𝜔𝐼𝐹)𝑡 cos 𝜔𝐿𝑂𝑡             

=
𝑉𝑅𝐹𝑉𝐿𝑂
2 [cos(−𝜔𝐼𝐹)𝑡 + cos(2𝜔𝐿𝑂 − 𝜔𝐼𝐹)𝑡⏟            

ℎ𝑖𝑔ℎ 𝑓𝑟𝑒𝑞 𝑐𝑜𝑚𝑝
+ cos(𝜔𝐼𝐹)𝑡 + cos(2𝜔𝐿𝑂 + 𝜔𝐼𝐹)𝑡⏟            

ℎ𝑖𝑔ℎ 𝑓𝑟𝑒𝑞 𝑐𝑜𝑚𝑝
] 

After the LPF, 𝑣𝑂𝑢𝑡(𝑡) equals to: 

𝑣𝑂𝑢𝑡(𝑡) =
𝑉𝑅𝐹𝑉𝐿𝑂
2

[cos(−𝜔𝐼𝐹)𝑡 + cos(𝜔𝐼𝐹)𝑡] 

             =
𝑉𝑅𝐹𝑉𝐿𝑂
2 [cos(𝜔𝐼𝐹)𝑡⏟      

𝑖𝑚𝑎𝑔𝑒
+ cos(𝜔𝐼𝐹)𝑡] 

Notice that after the LPF, the high-frequency components are filtered out, remaining only two tones 
located at 𝜔𝐼𝐹. One of the tones corresponds to the image and interferes with the other tone.   
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3.2 Recommend design parameters for an AM standard broadcast receiver that is to operate 
with an IF frequency fIF of 455 kHz: 

a. Calculate the required LO frequency fLO when the receiver is tuned to a carrier frequency fC = 540 
kHz, assuming that the frequency of the LO is above the frequency of the received signal. 

b.  Calculate the required LO frequency fLO when the receiver is tuned to carrier frequency fC = 540 
kHz, assuming that the frequency of the LO is below the frequency of the received signal. 

NB. In “Lab 2 measurements”, you will measure this on such an AM reciever.  

Answer: (a) fLO = 995 kHz, (b) fLO = 85kHz. 

 

Solution: 

The IF is the difference between the carrier frequency and the local oscillator frequencies: 

a. fLO > fC : fIF = fLO - fC  => fLO = 995 kHz 

b. fLO < fC : fIF = fLO - fC  => fLO = 85 kHz 

Both combinations of LO will work. Which one to implement is up to the designer and practical 
limitations of the designed circuit. 
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3.10 A cell phone receiver operates at room temperature (T = 20 °C) and has the following 
specifications: noise figure NF = 20 dB, bandwidth B = 1 MHz, signal-to-noise-ratio SNR = 0 dB. 
Also, the non-linearity of the receiver circuit can be described by the following output signal y(x) 

function:   y(x) = 2x – 0.267x3. The input signal is x = 0.1 sin ωt V 

Calculate: 

a. the 1 dB compression point. 

b. the input intercept point IIP3. 

c. receiver sensitivity. 

d. dynamic range. 

Answers: a. 10 dBm (input-referred), b. 20 dBm, c. -94 dBm (using T=27 °C), d. 104.4 dBm. 

 

 

Solution:  

a. A quantitative measure of an amplifier’s non-linearity is its 1 dB compression point, which can be 
calculated directly from the non-linear transfer function: 

y(x) = 2x – 0.267x3 = α1 x + α3 x3  => α1 = 2, α3 = -0.267. 

From Lecture 5, slide 26: 

 

Ain,1dB is the Vp of the input voltage in volts (Razavi, p.18) 

 

Ain= sqrt (0.145 * 2 / 0.267) = 1.042 Vp  

If the source of the signal is assumed to be 50 Ω, then the power is Pin,db = Vp
2/(2*50) = 10.9 mW = 

10.4 dBm. 
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b. Similarly, IIP3 can be calculated (lecture 5, slide 43): 

  

=> A = 3.16 V => IIP3 = 20 dBm. 

“Sanity check”: I P1dB + 9.6 dB = IIP3.  Yes! 

 

c. Sensitivity can be calculated from the Eq. 14 in the Appendix. Note that the formula is given for 
T=300 K (27 °C), but let us simplify things a little bit and assume operation at this temperature instead 
of T = 18 °C. The difference is the “174 dBm/Hz” term, but it does not change so much. 

Pin(min) = Sensitivity = -174 dBm/Hz + 10log(B) + NF + SNR    (in dB). 

B = 1E6, NF = 20 dB, SNR = 0 => Sensitivity = -94 dBm. 

 

c. DR, eq. 15:  DR = P1dB (input) – Psens = 10.4 dBm – (-94 dBm) =  104.4 dB. 
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3.11  A transceiver is designed for the following system characteristics: Access method is 
half duplex (TDD). Modulation is QPSK with raised cosine shaping, roll-off factor = 0.3. Channel 
BW=1.6 MHz. Data rate = 1200 kb/s. BER <1E-5@sensitity of -96 dBm. 

What is the maximum acceptable noise figure for the reciever (called “reference noise figure”)?  

 

The relation between BER and SBR is given below. 

 

Answer: 7.2 dB 

 

Solution:  

Start by calculating the minimum SNR for the receiver. 

From Lecture 8, slide 50 (2018): 

 

From the plot, we estimate for QPSK modulation and BER = 1E-5, a value for Eb/N0 of 10.5 dB. 

Rb = 1200E3.  

B: channel BW = 1.6 MHz. This is the maximum BW we can use, so the BW after the pulse shaping 
must not be larger than this.  

Let us check! Equation 2 (in the appendix) gives the BW. Tb = 1/1200E3, roll-off factor = 0.3 = α. => 
BW = 1.56 MHz ≈ 1.6 MHz. 
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If we write the SNR formula in dB, we get  SNR [dB] = Eb/N0 [dB] + 10*log (1.2E6 / 1.6E6) ≈ 10.5 dB 
– 1.25 dB = 8.75 dB.  

Continue by calculating the total noise figure for the receiver. 

We use equation 7 (appendix) and rearrange it: 

NF = Pin +174 – 10*log(BW) – SNRmin 

Pin is the minimum input recevied signal, i.e. the sensitivity Smin, which is given as -96 dBm. 

NF = -96 + 174 – 10*log (1.6E6) – 8.75 = 7.2 dB. 

To this number, the losses of a switch (1 dB for TDD) should be accounted for as well as some 
additional margin (assume 1 dB), making the NF of the receiver in the order of 5 dB.   
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