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Digital Communications: Pulse Detection and Matched Filters

In communications we have

• Signals

• Noise

• Interference

We want to detect a signal, and minimize noise and interference.

A full analysis requires

• Probability (EE 178)

• Stochastic Processes (EE 278)

For this class we will use the idea of distance and mean square error to

solve this problem, and then relate this to probability.

Same result as for additive white Gaussian noise (AWGN) that is normally

assumed. 2



Radar Problem

We’ll start with the problem of detecting aircraft with radar, where many of

these ideas first appeared.

Transmit

Radar Target

Reflection

Reception

A signal is transmitted, reflected, and then received. We want to process

the signal to see if there was a reflection.
3



Radar Signal

The radar signal might look like this.

Echo

<latexit sha1_base64="WEw5fQIMaoheL41YjdIyuta67fc=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBahXkoiUj0WvHisYD+gDWWz3bRLN5uwOxFK6V/w4kERr/4hb/4bN20O2vpg4PHeDDPzgkQKg6777RQ2Nre2d4q7pb39g8Oj8vFJ28SpZrzFYhnrbkANl0LxFgqUvJtoTqNA8k4wucv8zhPXRsTqEacJ9yM6UiIUjGImJVW8HJQrbs1dgKwTLycVyNEclL/6w5ilEVfIJDWm57kJ+jOqUTDJ56V+anhC2YSOeM9SRSNu/Nni1jm5sMqQhLG2pZAs1N8TMxoZM40C2xlRHJtVLxP/83ophrf+TKgkRa7YclGYSoIxyR4nQ6E5Qzm1hDIt7K2EjammDG08JRuCt/ryOmlf1bx6rf5wXWm4eRxFOINzqIIHN9CAe2hCCxiM4Rle4c2JnBfn3flYthacfOYU/sD5/AFzuY3Q</latexit>

p(t)

<latexit sha1_base64="fHxol0qaSNeBqcHAzrOHsxaASvA=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBahXkoiUj0WvHisYD+gDWWz3bRLdzdhdyOE0L/gxYMiXv1D3vw3btoctPXBwOO9GWbmBTFn2rjut1Pa2Nza3invVvb2Dw6PqscnXR0litAOiXik+gHWlDNJO4YZTvuxolgEnPaC2V3u956o0iySjyaNqS/wRLKQEWxyKa2by1G15jbcBdA68QpSgwLtUfVrOI5IIqg0hGOtB54bGz/DyjDC6bwyTDSNMZnhCR1YKrGg2s8Wt87RhVXGKIyULWnQQv09kWGhdSoC2ymwmepVLxf/8waJCW/9jMk4MVSS5aIw4chEKH8cjZmixPDUEkwUs7ciMsUKE2PjqdgQvNWX10n3quE1G82H61rLLeIowxmcQx08uIEW3EMbOkBgCs/wCm+OcF6cd+dj2VpyiplT+APn8weBeI3Z</latexit>

y(t)

A pulse p(t) is transmitted, and a signal y(t) is received, along with

additional noise.

In this case, it is difficult to tell if there really is a return!

How do I tell if there is a signal there?

4



Matched Filter Idea

If there was a return at some time tr, what would it’s amplitude be?

We do a least-squares fit at each time. If this is bigger than what we’d

expect from noise, we have an echo.

To find the amplitude a we find the value that minimizes the squared

distance between the transmit pulse and the received signal.

Q =

∫ ∞

−∞
(y(t)− ap(t− tr))

2 dt

where we’ve assumed all of the signals are real valued. We can find a by

differentiating Q with respect to a, and setting the result to zero. In your

homework you will show that the solution is

a =

∫∞
−∞ y(t)p(t− tr)dt∫∞

−∞ p2(t)dt

5



Matched Filter Idea (cont.)

If we choose p(t) to be normalized,
∫ ∞

−∞
p2(t)dt = 1

then

a(tr) =

∫ ∞

−∞
y(t)p(t− tr)dt

where we’ve explicitly noted that this amplitude is for a time tr.

This operation is a cross correlation. It looks a lot like a convolution,

except neither signal is reversed.

Basic idea:

• For each tr, shift p(t) to the right

• Multiply point-by-point with y(t)

• Integrate the result.
6



Matched Filter Idea (cont.)

For the previous example, the result looks like this:

Echo

Echo<latexit sha1_base64="Wdur54iMx72gFLnwtL88obcb0oc=">AAAB9XicbZDLSgNBEEVr4ivGV9Slm8YgxE2YEYkuA25cRjAPSMbQ0+lJmvQ86K5RhiH/4caFIm79F3f+jZ1kFpp4oeFwq4qqvl4shUbb/rYKa+sbm1vF7dLO7t7+QfnwqK2jRDHeYpGMVNejmksR8hYKlLwbK04DT/KON7mZ1TuPXGkRhfeYxtwN6CgUvmAUjfUQV/G8r5EqkhoalCt2zZ6LrIKTQwVyNQflr/4wYknAQ2SSat1z7BjdjCoUTPJpqZ9oHlM2oSPeMxjSgGs3m189JWfGGRI/UuaFSObu74mMBlqngWc6A4pjvVybmf/Vegn6124mwjhBHrLFIj+RBCMyi4AMheIMZWqAMiXMrYSNqaIMTVAlE4Kz/OVVaF/UnHqtfndZadh5HEU4gVOoggNX0IBbaEILGCh4hld4s56sF+vd+li0Fqx85hj+yPr8AT6xkag=</latexit>

p(t) ω y(t)

<latexit sha1_base64="WEw5fQIMaoheL41YjdIyuta67fc=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBahXkoiUj0WvHisYD+gDWWz3bRLN5uwOxFK6V/w4kERr/4hb/4bN20O2vpg4PHeDDPzgkQKg6777RQ2Nre2d4q7pb39g8Oj8vFJ28SpZrzFYhnrbkANl0LxFgqUvJtoTqNA8k4wucv8zhPXRsTqEacJ9yM6UiIUjGImJVW8HJQrbs1dgKwTLycVyNEclL/6w5ilEVfIJDWm57kJ+jOqUTDJ56V+anhC2YSOeM9SRSNu/Nni1jm5sMqQhLG2pZAs1N8TMxoZM40C2xlRHJtVLxP/83ophrf+TKgkRa7YclGYSoIxyR4nQ6E5Qzm1hDIt7K2EjammDG08JRuCt/ryOmlf1bx6rf5wXWm4eRxFOINzqIIHN9CAe2hCCxiM4Rle4c2JnBfn3flYthacfOYU/sD5/AFzuY3Q</latexit>

p(t)

<latexit sha1_base64="fHxol0qaSNeBqcHAzrOHsxaASvA=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBahXkoiUj0WvHisYD+gDWWz3bRLdzdhdyOE0L/gxYMiXv1D3vw3btoctPXBwOO9GWbmBTFn2rjut1Pa2Nza3invVvb2Dw6PqscnXR0litAOiXik+gHWlDNJO4YZTvuxolgEnPaC2V3u956o0iySjyaNqS/wRLKQEWxyKa2by1G15jbcBdA68QpSgwLtUfVrOI5IIqg0hGOtB54bGz/DyjDC6bwyTDSNMZnhCR1YKrGg2s8Wt87RhVXGKIyULWnQQv09kWGhdSoC2ymwmepVLxf/8waJCW/9jMk4MVSS5aIw4chEKH8cjZmixPDUEkwUs7ciMsUKE2PjqdgQvNWX10n3quE1G82H61rLLeIowxmcQx08uIEW3EMbOkBgCs/wCm+OcF6cd+dj2VpyiplT+APn8weBeI3Z</latexit>

y(t)

Threshold

If the cross correlation is larger than the threshold we’d expect from noise,

we declare a detected echo. We’ll get back to setting that threshold in a bit.

This is called a matched filter because the transmit pulse and the received

echo are matched (the same shape). This is optimal for AWGN. 7



Cross Correlation

Cross correlation is an important operation that has it’s own notation, It

can be written either as

Rxy(τ) =

∫ ∞

=∞
x(t− τ)y(t)dt

=

∫ ∞

=∞
x(t)y(t+ τ)dt

In the first we delay x(t) by τ . In the second we advance y(t) by τ . Either

way only the difference in time matters.

Common notation is

Rxy(t) = x(t) ⋆ y(t)

similar to that for convolution. In your homework you will show that

Rxy(t) = Ryx(−t)

8



Correlation and Convolution

Correlation and convolution are closely related.

In your homework you will show that

x(t) ⋆ y(t) = x(−t) ∗ y(t)

This means we can perform a correlation by first reversing the first signal,

and then doing a convolution.

This is very frequently done. Efficient implementations of convolution are

quite common, while implementations of correlation are less often available.

9



Cross Correlation: Complex Signals

In general, our signals will be complex. The same derivation holds, with the

result that

a(tr) =

∫ ∞

−∞
p∗(t− tr)y(t)dt

The conjugate cancels the phase of the return in y(t). Without this the

phases would add, and the result will often be small.

You will also derive this result in the homework.

Matlab’s corr() includes the conjugate automatically.

If the two signals are the same, this gives the autocorrelation which we will

see frequently.

Rxx(τ) =

∫ ∞

=∞
x∗(t− τ)x(t)dt

=

∫ ∞

=∞
x∗(t)x(t+ τ)dt

10



Correlation Spectrum

The spectrum of the cross correlation is

F{Rxy(t)} = Sxy(f) = X∗(f)Y (f)

This is call the cross-power spectrum, and has two subscripts.

The spectrum of the autocorrelation is

F{Rxx(t)} = Sx(f) = |X(f)|2

Sx(f) is called the power spectrum of x(t), and will be useful for

characterizing the bandwidth of a signal transmitted over a channel. It only

has one subscript.

11



Communications and Matched Filters

In radar, we don’t know if there is an echo, or where it is.

In communications, we know where the symbols are (more on that later)

We want to know which symbol was sent at each time. If the originally

transmit
<latexit sha1_base64="vkxlIdzzLOhM0ClUbcXcrLeyxmA=">AAAB63icbVBNS8NAEJ34WetX1aOXxSLUS0lEqseCF48V7Ae0oWy223bp7ibsTsQS+he8eFDEq3/Im//GpM1BWx8MPN6bYWZeEElh0XW/nbX1jc2t7cJOcXdv/+CwdHTcsmFsGG+yUIamE1DLpdC8iQIl70SGUxVI3g4mt5nffuTGilA/4DTivqIjLYaCUcykpwpe9Etlt+rOQVaJl5My5Gj0S1+9QchixTUySa3tem6EfkINCib5rNiLLY8om9AR76ZUU8Wtn8xvnZHzVBmQYWjS0kjm6u+JhCprpypIOxXFsV32MvE/rxvj8MZPhI5i5JotFg1jSTAk2eNkIAxnKKcpocyI9FbCxtRQhmk8xTQEb/nlVdK6rHq1au3+qlx38zgKcApnUAEPrqEOd9CAJjAYwzO8wpujnBfn3flYtK45+cwJ/IHz+QN/8Y3Y</latexit>

x(t)
<latexit sha1_base64="WEw5fQIMaoheL41YjdIyuta67fc=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBahXkoiUj0WvHisYD+gDWWz3bRLN5uwOxFK6V/w4kERr/4hb/4bN20O2vpg4PHeDDPzgkQKg6777RQ2Nre2d4q7pb39g8Oj8vFJ28SpZrzFYhnrbkANl0LxFgqUvJtoTqNA8k4wucv8zhPXRsTqEacJ9yM6UiIUjGImJVW8HJQrbs1dgKwTLycVyNEclL/6w5ilEVfIJDWm57kJ+jOqUTDJ56V+anhC2YSOeM9SRSNu/Nni1jm5sMqQhLG2pZAs1N8TMxoZM40C2xlRHJtVLxP/83ophrf+TKgkRa7YclGYSoIxyR4nQ6E5Qzm1hDIt7K2EjammDG08JRuCt/ryOmlf1bx6rf5wXWm4eRxFOINzqIIHN9CAe2hCCxiM4Rle4c2JnBfn3flYthacfOYU/sD5/AFzuY3Q</latexit>

p(t)

we might receive this
<latexit sha1_base64="fHxol0qaSNeBqcHAzrOHsxaASvA=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBahXkoiUj0WvHisYD+gDWWz3bRLdzdhdyOE0L/gxYMiXv1D3vw3btoctPXBwOO9GWbmBTFn2rjut1Pa2Nza3invVvb2Dw6PqscnXR0litAOiXik+gHWlDNJO4YZTvuxolgEnPaC2V3u956o0iySjyaNqS/wRLKQEWxyKa2by1G15jbcBdA68QpSgwLtUfVrOI5IIqg0hGOtB54bGz/DyjDC6bwyTDSNMZnhCR1YKrGg2s8Wt87RhVXGKIyULWnQQv09kWGhdSoC2ymwmepVLxf/8waJCW/9jMk4MVSS5aIw4chEKH8cjZmixPDUEkwUs7ciMsUKE2PjqdgQvNWX10n3quE1G82H61rLLeIowxmcQx08uIEW3EMbOkBgCs/wCm+OcF6cd+dj2VpyiplT+APn8weBeI3Z</latexit>

y(t)

How do we determine what sequence of ”1’s and ”0”’s was transmitted? 12



Communications and Matched Filters (cont.)

Assume the timing is synchronized with the symbols. If the symbols are

spaced by T , they are centered at y(nT ).

For each symbol we estimate its amplitude with

a(nT ) =

∫ ∞

−∞
p∗(t− nT )y(t)dt

The result is

<latexit sha1_base64="Wdur54iMx72gFLnwtL88obcb0oc=">AAAB9XicbZDLSgNBEEVr4ivGV9Slm8YgxE2YEYkuA25cRjAPSMbQ0+lJmvQ86K5RhiH/4caFIm79F3f+jZ1kFpp4oeFwq4qqvl4shUbb/rYKa+sbm1vF7dLO7t7+QfnwqK2jRDHeYpGMVNejmksR8hYKlLwbK04DT/KON7mZ1TuPXGkRhfeYxtwN6CgUvmAUjfUQV/G8r5EqkhoalCt2zZ6LrIKTQwVyNQflr/4wYknAQ2SSat1z7BjdjCoUTPJpqZ9oHlM2oSPeMxjSgGs3m189JWfGGRI/UuaFSObu74mMBlqngWc6A4pjvVybmf/Vegn6124mwjhBHrLFIj+RBCMyi4AMheIMZWqAMiXMrYSNqaIMTVAlE4Kz/OVVaF/UnHqtfndZadh5HEU4gVOoggNX0IBbaEILGCh4hld4s56sF+vd+li0Fqx85hj+yPr8AT6xkag=</latexit>

p(t) ω y(t)
<latexit sha1_base64="p+hhDUFZ8yhkg4Qz3N8ieVvk7cM=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSLUS0lEqseCF48VmrbQhjLZbtqlm03Y3Qil9Dd48aCIV3+QN/+N2zYHbX0w8Hhvhpl5YSq4Nq777Wxsbm3v7Bb2ivsHh0fHpZPTlk4yRZlPE5GoToiaCS6Zb7gRrJMqhnEoWDsc38/99hNTmieyaSYpC2IcSh5xisZKPlZk86pfKrtVdwGyTryclCFHo1/66g0SmsVMGipQ667npiaYojKcCjYr9jLNUqRjHLKupRJjpoPp4tgZubTKgESJsiUNWai/J6YYaz2JQ9sZoxnpVW8u/ud1MxPdBVMu08wwSZeLokwQk5D552TAFaNGTCxBqri9ldARKqTG5lO0IXirL6+T1nXVq1VrjzflupvHUYBzuIAKeHALdXiABvhAgcMzvMKbI50X5935WLZuOPnMGfyB8/kD+TeOGQ==</latexit>

a(nT )

The cross correlation suppresses much of the noise. The original bits can be

detected with a simple threshold.

13



Communications and Matched Filters (cont.)

If A is the value of the signal for a ”1”, we decide on whether we received a

”1” or a ”0” by

d[n] =

{
1 a(nT ) > A

2

0 a(nT ) < A
2

We pick the closest answer for the decoded bit d[n]. This is optimal for

AWGN.

14



Frequency Shift Keying Example

Another example is frequency shift keying or FSK. Here we transmit

sinusoids at two different frequencies for the two different bits.

<latexit sha1_base64="rkBNSmoQO9ngZJFVyZz2bdqUzU8=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69BItQLyURqR4LXjxWsLXQhrLZbtq1m92wOxFK6H/w4kERr/4fb/4bt20O2vpg4PHeDDPzwkRwg5737RTW1jc2t4rbpZ3dvf2D8uFR26hUU9aiSijdCYlhgkvWQo6CdRLNSBwK9hCOb2b+wxPThit5j5OEBTEZSh5xStBK7aTvV/G8X654NW8Od5X4OalAjma//NUbKJrGTCIVxJiu7yUYZEQjp4JNS73UsITQMRmyrqWSxMwE2fzaqXtmlYEbKW1LojtXf09kJDZmEoe2MyY4MsveTPzP66YYXQcZl0mKTNLFoigVLip39ro74JpRFBNLCNXc3urSEdGEog2oZEPwl19eJe2Lml+v1e8uKw0vj6MIJ3AKVfDhChpwC01oAYVHeIZXeHOU8+K8Ox+L1oKTzxzDHzifP5rNjnQ=</latexit>

p1(t)
<latexit sha1_base64="hjy+Q66n0iMCHyvHIfE/jlAzFhQ=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoMQL2E3SPQY8OIxgnlAsoTZyWwyZnZnmekVQsg/ePGgiFf/x5t/4yTZgyYWNBRV3XR3BYkUBl3328ltbG5t7+R3C3v7B4dHxeOTllGpZrzJlFS6E1DDpYh5EwVK3kk0p1EgeTsY38799hPXRqj4AScJ9yM6jEUoGEUrtZJ+tYyX/WLJrbgLkHXiZaQEGRr94ldvoFga8RiZpMZ0PTdBf0o1Cib5rNBLDU8oG9Mh71oa04gbf7q4dkYurDIgodK2YiQL9ffElEbGTKLAdkYUR2bVm4v/ed0Uwxt/KuIkRR6z5aIwlQQVmb9OBkJzhnJiCWVa2FsJG1FNGdqACjYEb/XlddKqVrxapXZ/Vaq7WRx5OINzKIMH11CHO2hAExg8wjO8wpujnBfn3flYtuacbOYU/sD5/AGcVI51</latexit>

p2(t)“0”
One Cycle 
of a Sine

“1”
Two Cycles 

of a Sine

We send one cycle of a sine for a ”0”, and two cycles for a ”1”.

Note that ∫ ∞

−∞
p1(t)p2(t)dt = 0

The two symbols are orthogonal, so that when we detect one, we should

have a zero response for the other. We will often use this.

15



Frequency Shift Keying Example (cont.)

If we want to send a sequence of bits d[n],

<latexit sha1_base64="bQDVKgKdsCrj8UXYjXaVUlnePiY=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseCF48V7AekoWw2m3bp7ibsboQS+he8eFDEq3/Im//GTZuDtj4YeLw3w8y8MOVMG9f9diobm1vbO9Xd2t7+weFR/fikp5NMEdolCU/UIMSaciZp1zDD6SBVFIuQ0344vSv8/hNVmiXy0cxSGgg8lixmBJtCinwZjOoNt+kugNaJV5IGlOiM6l/DKCGZoNIQjrX2PTc1QY6VYYTTeW2YaZpiMsVj6lsqsaA6yBe3ztGFVSIUJ8qWNGih/p7IsdB6JkLbKbCZ6FWvEP/z/MzEt0HOZJoZKslyUZxxZBJUPI4ipigxfGYJJorZWxGZYIWJsfHUbAje6svrpHfV9FrN1sN1o+2WcVThDM7hEjy4gTbcQwe6QGACz/AKb45wXpx352PZWnHKmVP4A+fzB/TJjiU=</latexit>

d[n] Bits

The waveform we would send is

Transmit
Waveform

<latexit sha1_base64="vkxlIdzzLOhM0ClUbcXcrLeyxmA=">AAAB63icbVBNS8NAEJ34WetX1aOXxSLUS0lEqseCF48V7Ae0oWy223bp7ibsTsQS+he8eFDEq3/Im//GpM1BWx8MPN6bYWZeEElh0XW/nbX1jc2t7cJOcXdv/+CwdHTcsmFsGG+yUIamE1DLpdC8iQIl70SGUxVI3g4mt5nffuTGilA/4DTivqIjLYaCUcykpwpe9Etlt+rOQVaJl5My5Gj0S1+9QchixTUySa3tem6EfkINCib5rNiLLY8om9AR76ZUU8Wtn8xvnZHzVBmQYWjS0kjm6u+JhCprpypIOxXFsV32MvE/rxvj8MZPhI5i5JotFg1jSTAk2eNkIAxnKKcpocyI9FbCxtRQhmk8xTQEb/nlVdK6rHq1au3+qlx38zgKcApnUAEPrqEOd9CAJjAYwzO8wpujnBfn3flYtK45+cwJ/IHz+QN/8Y3Y</latexit>

x(t)

How do we detect the two symbols?

16



Frequency Shift Keying Example (cont.)

We use a matched filter for each symbol.

In this case we compute two amplitudes using cross correlation,

a1(nT ) =

∫ ∞

−∞
p1(t− nT )y(t)dt

a2(nT ) =

∫ ∞

−∞
p2(t− nT )y(t)dt

At each symbol time, one of the two should be ”1” and the other ”0”

The detection rule is which symbol is closer to the received waveform

d[n] =

{
1 a2(nT ) > a1(nT )

0 a2(nT ) < a1(nT )

We could also just decide based on either one of the two, since each is

sufficient. That has worse noise performance.

17



Frequency Shift Keying Example (cont.)

Time, Symbols
0 1 2 3 4 5 6 7 8 9 10

0
0.5

1
Original Bits d[n]

Time, Symbols
0 1 2 3 4 5 6 7 8 9 10

-1

0

1 Transmit Waveform

Time, Symbols
0 1 2 3 4 5 6 7 8 9 10

-1

0

1 Cross Correlation with p1(t)

Time, Symbols
0 1 2 3 4 5 6 7 8 9 10

-1

0

1 Cross Correlation with p2(t)

18



Radar, and Setting the Detection Threshold

Recall that after matched filtering our signal looked like this:

Echo

Echo<latexit sha1_base64="Wdur54iMx72gFLnwtL88obcb0oc=">AAAB9XicbZDLSgNBEEVr4ivGV9Slm8YgxE2YEYkuA25cRjAPSMbQ0+lJmvQ86K5RhiH/4caFIm79F3f+jZ1kFpp4oeFwq4qqvl4shUbb/rYKa+sbm1vF7dLO7t7+QfnwqK2jRDHeYpGMVNejmksR8hYKlLwbK04DT/KON7mZ1TuPXGkRhfeYxtwN6CgUvmAUjfUQV/G8r5EqkhoalCt2zZ6LrIKTQwVyNQflr/4wYknAQ2SSat1z7BjdjCoUTPJpqZ9oHlM2oSPeMxjSgGs3m189JWfGGRI/UuaFSObu74mMBlqngWc6A4pjvVybmf/Vegn6124mwjhBHrLFIj+RBCMyi4AMheIMZWqAMiXMrYSNqaIMTVAlE4Kz/OVVaF/UnHqtfndZadh5HEU4gVOoggNX0IBbaEILGCh4hld4s56sF+vd+li0Fqx85hj+yPr8AT6xkag=</latexit>

p(t) ω y(t)

<latexit sha1_base64="WEw5fQIMaoheL41YjdIyuta67fc=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBahXkoiUj0WvHisYD+gDWWz3bRLN5uwOxFK6V/w4kERr/4hb/4bN20O2vpg4PHeDDPzgkQKg6777RQ2Nre2d4q7pb39g8Oj8vFJ28SpZrzFYhnrbkANl0LxFgqUvJtoTqNA8k4wucv8zhPXRsTqEacJ9yM6UiIUjGImJVW8HJQrbs1dgKwTLycVyNEclL/6w5ilEVfIJDWm57kJ+jOqUTDJ56V+anhC2YSOeM9SRSNu/Nni1jm5sMqQhLG2pZAs1N8TMxoZM40C2xlRHJtVLxP/83ophrf+TKgkRa7YclGYSoIxyR4nQ6E5Qzm1hDIt7K2EjammDG08JRuCt/ryOmlf1bx6rf5wXWm4eRxFOINzqIIHN9CAe2hCCxiM4Rle4c2JnBfn3flYthacfOYU/sD5/AFzuY3Q</latexit>

p(t)

<latexit sha1_base64="fHxol0qaSNeBqcHAzrOHsxaASvA=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBahXkoiUj0WvHisYD+gDWWz3bRLdzdhdyOE0L/gxYMiXv1D3vw3btoctPXBwOO9GWbmBTFn2rjut1Pa2Nza3invVvb2Dw6PqscnXR0litAOiXik+gHWlDNJO4YZTvuxolgEnPaC2V3u956o0iySjyaNqS/wRLKQEWxyKa2by1G15jbcBdA68QpSgwLtUfVrOI5IIqg0hGOtB54bGz/DyjDC6bwyTDSNMZnhCR1YKrGg2s8Wt87RhVXGKIyULWnQQv09kWGhdSoC2ymwmepVLxf/8waJCW/9jMk4MVSS5aIw4chEKH8cjZmixPDUEkwUs7ciMsUKE2PjqdgQvNWX10n3quE1G82H61rLLeIowxmcQx08uIEW3EMbOkBgCs/wCm+OcF6cd+dj2VpyiplT+APn8weBeI3Z</latexit>

y(t)

Threshold

How do we choose the threshold?

• Too small: we detect noise and get false alarms

• Too high: we miss too many real targets
19



Hypothesis Testing

At each time tr we want to decide whether there is a pulse present

• H0: y(t) = n(t)

• H1: y(t) = p(t− tr) + n(t)

where n(t) ∼ N(0, σ2) is white Gaussian noise. Then

H0:

â(tr) =

∫ ∞

−∞
n(t)p(t− tr)dt = np

H1:

â(tr) =

∫ ∞

−∞
(ap(t− tr) + n(t)) p(t− tr)dt

=

∫ ∞

−∞
ap2(t− tr)dt+

∫ ∞

−∞
n(t)p(t− tr)dt = a+ np

where np ∼ N(0, σ2
p), the reduced noise after the cross correlation. How do

we choose one of these? 20



Maximum Likelihood

For a given â, choose the most likely:

p(â|0) =
1√
2πσ2

p

e
− â2

2σ2
p

p(â|a) =
1√
2πσ2

p

e
− (â−a)2

2σ2
p

<latexit sha1_base64="8UbbUXKMAg+oa3NE9rSmBOK65Is=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseCF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1Fip6Q7KFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGtn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1W9WrXWvK7Ur/M4inAG53AJHtxAHe6hAS1ggPAMr/DmPDovzrvzsWwtOPnMKfyB8/kDeHWMsQ==</latexit>

0
<latexit sha1_base64="OxqNHYM5GhZANXwNhBZQEdD7AfM=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseCF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipSQflilt1FyDrxMtJBXI0BuWv/jBmaYTSMEG17nluYvyMKsOZwFmpn2pMKJvQEfYslTRC7WeLQ2fkwipDEsbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmvDWz7hMUoOSLReFqSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m5INwVt9eZ20r6perVprXlfq13kcRTiDc7gED26gDvfQgBYwQHiGV3hzHp0X5935WLYWnHzmFP7A+fwBwrmM4g==</latexit>a

<latexit sha1_base64="XQvJs+flBddaYcK6quHOvaOg/bw=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69BIvgqSQi1WPBi8cK9gPaUCbbbbt0swm7E6GE/ggvHhTx6u/x5r9x2+agrQ8GHu/NMDMvTKQw5HnfTmFjc2t7p7hb2ts/ODwqH5+0TJxqxpsslrHuhGi4FIo3SZDknURzjELJ2+Hkbu63n7g2IlaPNE14EOFIiaFgSFZq98ZIGc765YpX9RZw14mfkwrkaPTLX71BzNKIK2ISjen6XkJBhpoEk3xW6qWGJ8gmOOJdSxVG3ATZ4tyZe2GVgTuMtS1F7kL9PZFhZMw0Cm1nhDQ2q95c/M/rpjS8DTKhkpS4YstFw1S6FLvz392B0JyRnFqCTAt7q8vGqJGRTahkQ/BXX14nrauqX6vWHq4r9es8jiKcwTlcgg83UId7aEATGEzgGV7hzUmcF+fd+Vi2Fpx85hT+wPn8AYylj68=</latexit>

â

<latexit sha1_base64="waivd2Hd3FkXc2R5c5TH+vJsIKQ=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseClx4r2g9oQ9lsJ+3SzSbsboQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJaPZpqgH9GR5CFn1FjpoTHwBuWKW3UXIOvEy0kFcjQH5a/+MGZphNIwQbXueW5i/Iwqw5nAWamfakwom9AR9iyVNELtZ4tTZ+TCKkMSxsqWNGSh/p7IaKT1NApsZ0TNWK96c/E/r5ea8NbPuExSg5ItF4WpICYm87/JkCtkRkwtoUxxeythY6ooMzadkg3BW315nbSvql6tWru/rtSv8ziKcAbncAke3EAdGtCEFjAYwTO8wpsjnBfn3flYthacfOYU/sD5/AHB3Y1t</latexit>

H1
<latexit sha1_base64="c8EGzyq/CIHBdwPxuKJRt26qqW8=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseClx4r2g9oQ9lsN+3SzSbsToQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IJHCoOt+O4WNza3tneJuaW//4PCofHzSNnGqGW+xWMa6G1DDpVC8hQIl7yaa0yiQvBNM7uZ+54lrI2L1iNOE+xEdKREKRtFKD42BOyhX3Kq7AFknXk4qkKM5KH/1hzFLI66QSWpMz3MT9DOqUTDJZ6V+anhC2YSOeM9SRSNu/Gxx6oxcWGVIwljbUkgW6u+JjEbGTKPAdkYUx2bVm4v/eb0Uw1s/EypJkSu2XBSmkmBM5n+TodCcoZxaQpkW9lbCxlRThjadkg3BW315nbSvql6tWru/rtSv8ziKcAbncAke3EAdGtCEFjAYwTO8wpsjnRfn3flYthacfOYU/sD5/AHAWY1s</latexit>

H0

Here â is the estimate of the pulse height, corrupted by noise. We assume a

is known, and are just trying to decide if the pulse is present or not. 21



False Alarms and Missed Detections

When we choose a threshold we can make two types of errors

• False Alarm: We say there is a pulse, when it is really noise

• Missed Detection: We say it is noise when a pulse is actually present

<latexit sha1_base64="8UbbUXKMAg+oa3NE9rSmBOK65Is=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseCF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1Fip6Q7KFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGtn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1W9WrXWvK7Ur/M4inAG53AJHtxAHe6hAS1ggPAMr/DmPDovzrvzsWwtOPnMKfyB8/kDeHWMsQ==</latexit>

0
<latexit sha1_base64="OxqNHYM5GhZANXwNhBZQEdD7AfM=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseCF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipSQflilt1FyDrxMtJBXI0BuWv/jBmaYTSMEG17nluYvyMKsOZwFmpn2pMKJvQEfYslTRC7WeLQ2fkwipDEsbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmvDWz7hMUoOSLReFqSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m5INwVt9eZ20r6perVprXlfq13kcRTiDc7gED26gDvfQgBYwQHiGV3hzHp0X5935WLYWnHzmFP7A+fwBwrmM4g==</latexit>a

<latexit sha1_base64="XQvJs+flBddaYcK6quHOvaOg/bw=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69BIvgqSQi1WPBi8cK9gPaUCbbbbt0swm7E6GE/ggvHhTx6u/x5r9x2+agrQ8GHu/NMDMvTKQw5HnfTmFjc2t7p7hb2ts/ODwqH5+0TJxqxpsslrHuhGi4FIo3SZDknURzjELJ2+Hkbu63n7g2IlaPNE14EOFIiaFgSFZq98ZIGc765YpX9RZw14mfkwrkaPTLX71BzNKIK2ISjen6XkJBhpoEk3xW6qWGJ8gmOOJdSxVG3ATZ4tyZe2GVgTuMtS1F7kL9PZFhZMw0Cm1nhDQ2q95c/M/rpjS8DTKhkpS4YstFw1S6FLvz392B0JyRnFqCTAt7q8vGqJGRTahkQ/BXX14nrauqX6vWHq4r9es8jiKcwTlcgg83UId7aEATGEzgGV7hzUmcF+fd+Vi2Fpx85hT+wPn8AYylj68=</latexit>

â

Missed Detection False Alarm

True DetectionTrue Negative

Often in communications we care equally about both (is the bit a 1 or a

0?), and just set the threshold in the middle.

Other times one outcome is more important than the other. In radar, we

want to limit false alarms so that the operator isn’t overwhelmed, while still

making sure we see true targets.
22



Q Function

The probability of a false alarm is just the integral of the tail of the

Gaussian. We’ll define this for a normalized Gaussian as:

Q(x) =
1√
2π

∫ ∞

x
e−t2/2dt

Then the probabilities of both errors, and well as true detections, are

<latexit sha1_base64="8UbbUXKMAg+oa3NE9rSmBOK65Is=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseCF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1Fip6Q7KFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGtn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1W9WrXWvK7Ur/M4inAG53AJHtxAHe6hAS1ggPAMr/DmPDovzrvzsWwtOPnMKfyB8/kDeHWMsQ==</latexit>

0
<latexit sha1_base64="OxqNHYM5GhZANXwNhBZQEdD7AfM=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseCF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipSQflilt1FyDrxMtJBXI0BuWv/jBmaYTSMEG17nluYvyMKsOZwFmpn2pMKJvQEfYslTRC7WeLQ2fkwipDEsbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmvDWz7hMUoOSLReFqSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m5INwVt9eZ20r6perVprXlfq13kcRTiDc7gED26gDvfQgBYwQHiGV3hzHp0X5935WLYWnHzmFP7A+fwBwrmM4g==</latexit>a

<latexit sha1_base64="XQvJs+flBddaYcK6quHOvaOg/bw=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69BIvgqSQi1WPBi8cK9gPaUCbbbbt0swm7E6GE/ggvHhTx6u/x5r9x2+agrQ8GHu/NMDMvTKQw5HnfTmFjc2t7p7hb2ts/ODwqH5+0TJxqxpsslrHuhGi4FIo3SZDknURzjELJ2+Hkbu63n7g2IlaPNE14EOFIiaFgSFZq98ZIGc765YpX9RZw14mfkwrkaPTLX71BzNKIK2ISjen6XkJBhpoEk3xW6qWGJ8gmOOJdSxVG3ATZ4tyZe2GVgTuMtS1F7kL9PZFhZMw0Cm1nhDQ2q95c/M/rpjS8DTKhkpS4YstFw1S6FLvz392B0JyRnFqCTAt7q8vGqJGRTahkQ/BXX14nrauqX6vWHq4r9es8jiKcwTlcgg83UId7aEATGEzgGV7hzUmcF+fd+Vi2Fpx85hT+wPn8AYylj68=</latexit>

â

Missed Detection False Alarm

True DetectionTrue Negative

<latexit sha1_base64="5e2mm6ghlpb69HTt8M0W219SvL8=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseCF48V+wVtKJvtpF262YTdjVBCf4IXD4p49Rd589+4bXPQ1gcDj/dmmJkXJIJr47rfTmFjc2t7p7hb2ts/ODwqH5+0dZwqhi0Wi1h1A6pRcIktw43AbqKQRoHATjC5m/udJ1Sax7Jppgn6ER1JHnJGjZUe6aA5KFfcqrsAWSdeTiqQozEof/WHMUsjlIYJqnXPcxPjZ1QZzgTOSv1UY0LZhI6wZ6mkEWo/W5w6IxdWGZIwVrakIQv190RGI62nUWA7I2rGetWbi/95vdSEt37GZZIalGy5KEwFMTGZ/02GXCEzYmoJZYrbWwkbU0WZsemUbAje6svrpH1V9WrV2sN1pX6dx1GEMziHS/DgBupwDw1oAYMRPMMrvDnCeXHenY9la8HJZ07hD5zPHx0Ojak=</latexit>aT

<latexit sha1_base64="MLPkv2c+h6V9dMbVE8Q+9PDmtoA=">AAACC3icbVDLSsNAFJ3UV62vqEs3oUWom5JIqS4Lbly20Bc0IUymk3To5MHMjVBC9m78FTcuFHHrD7jzb5y2WWjrgQuHc+7l3nu8hDMJpvmtlba2d3b3yvuVg8Oj4xP99Gwg41QQ2icxj8XIw5JyFtE+MOB0lAiKQ4/ToTe7W/jDByoki6MezBPqhDiImM8IBiW5erVrc+pD3fYFJhl2e3lmSxaE2E1yW7BgCleuXjMb5hLGJrEKUkMFOq7+ZU9ikoY0AsKxlGPLTMDJsABGOM0rdippgskMB3SsaIRDKp1s+UtuXCplYvixUBWBsVR/T2Q4lHIeeqozxDCV695C/M8bp+DfOhmLkhRoRFaL/JQbEBuLYIwJE5QAnyuCiWDqVoNMsUoFVHwVFYK1/vImGVw3rFaj1W3W2s0ijjK6QFVURxa6QW10jzqojwh6RM/oFb1pT9qL9q59rFpLWjFzjv5A+/wBiOObVw==</latexit>

Q

(
aT

ωp

)

<latexit sha1_base64="ECS9fmfQPDjzKYuXcA9e4XUxFvg=">AAACDnicbVDLSsNAFJ3UV62vqEs3g6VQF5ZESnVZcOOyhT6EpoTJdNIOnTyYuRFKyBe48VfcuFDErWt3/o3TNgttPXDhcM693HuPFwuuwLK+jcLG5tb2TnG3tLd/cHhkHp/0VJRIyro0EpG894higoesCxwEu48lI4EnWN+b3s79/gOTikdhB2YxGwZkHHKfUwJacs2KfYnbjmA+VB1fEpoSt5OljuLjgLhx5kg+nsCFa5atmrUAXid2TsooR8s1v5xRRJOAhUAFUWpgWzEMUyKBU8GykpMoFhM6JWM20DQkAVPDdPFOhitaGWE/krpCwAv190RKAqVmgac7AwITterNxf+8QQL+zTDlYZwAC+lykZ8IDBGeZ4NHXDIKYqYJoZLrWzGdEJ0K6ARLOgR79eV10ruq2Y1ao10vN+t5HEV0hs5RFdnoGjXRHWqhLqLoET2jV/RmPBkvxrvxsWwtGPnMKfoD4/MHyQqb8w==</latexit>

1 → Q

(
aT

ωp

) <latexit sha1_base64="Gqaj9nDStEuzpaJ46cu4muZ8kfE=">AAACDXicbVDJSgNBEO2JW4xb1KOXwSjEg2FGQvQY8OIxgWyQCUNNpydp0rPQXSOEYX7Ai7/ixYMiXr1782/sLAeNPih4vFdFVT0vFlyhZX0ZubX1jc2t/HZhZ3dv/6B4eNRRUSIpa9NIRLLngWKCh6yNHAXrxZJB4AnW9Sa3M797z6TiUdjCacwGAYxC7nMKqCW3eNZ0BPOx7PgSaApu6xKy1FF8FIAbZ47kozFeuMWSVbHmMP8Se0lKZImGW/x0hhFNAhYiFaBU37ZiHKQgkVPBsoKTKBYDncCI9TUNIWBqkM6/ycxzrQxNP5K6QjTn6s+JFAKlpoGnOwPAsVr1ZuJ/Xj9B/2aQ8jBOkIV0schPhImROYvGHHLJKIqpJkAl17eadAw6F9QBFnQI9urLf0nnqmLXKrVmtVSvLuPIkxNySsrEJtekTu5Ig7QJJQ/kibyQV+PReDbejPdFa85YzhyTXzA+vgHA7Zv5</latexit>

Q

(
aT → a

ωp

)

<latexit sha1_base64="jgIEMPCNdtw3TgZJbric5f/dlvA=">AAACD3icbVDJSgNBEO2JW4xb1KOXwaDEQ8KMhOgx4MVjAtkgE4aaTk/SpGehu0YIQ/7Ai7/ixYMiXr1682/sLAdNfFDweK+KqnpeLLhCy/o2MhubW9s72d3c3v7B4VH++KStokRS1qKRiGTXA8UED1kLOQrWjSWDwBOs443vZn7ngUnFo7CJk5j1AxiG3OcUUEtu/tIuNRzBfCw6vgSagtsswTR1FB8G4MZTR/LhCK/cfMEqW3OY68RekgJZou7mv5xBRJOAhUgFKNWzrRj7KUjkVLBpzkkUi4GOYch6moYQMNVP5/9MzQutDEw/krpCNOfq74kUAqUmgac7A8CRWvVm4n9eL0H/tp/yME6QhXSxyE+EiZE5C8cccMkoiokmQCXXt5p0BDoX1BHmdAj26svrpH1dtqvlaqNSqFWWcWTJGTknRWKTG1Ij96ROWoSSR/JMXsmb8WS8GO/Gx6I1YyxnTskfGJ8/p3Gcaw==</latexit>

1 → Q

(
aT → a

ωp

)

aT is the decision threshold level. Dividing by σp normalizes the Gaussian.
23



Probability of Error for On-Off Keying

For this class we’re more concerned about communications, and errors in

decoding symbols.

Earlier we talked about on-off keying, and using a matched filter.

<latexit sha1_base64="vkxlIdzzLOhM0ClUbcXcrLeyxmA=">AAAB63icbVBNS8NAEJ34WetX1aOXxSLUS0lEqseCF48V7Ae0oWy223bp7ibsTsQS+he8eFDEq3/Im//GpM1BWx8MPN6bYWZeEElh0XW/nbX1jc2t7cJOcXdv/+CwdHTcsmFsGG+yUIamE1DLpdC8iQIl70SGUxVI3g4mt5nffuTGilA/4DTivqIjLYaCUcykpwpe9Etlt+rOQVaJl5My5Gj0S1+9QchixTUySa3tem6EfkINCib5rNiLLY8om9AR76ZUU8Wtn8xvnZHzVBmQYWjS0kjm6u+JhCprpypIOxXFsV32MvE/rxvj8MZPhI5i5JotFg1jSTAk2eNkIAxnKKcpocyI9FbCxtRQhmk8xTQEb/nlVdK6rHq1au3+qlx38zgKcApnUAEPrqEOd9CAJjAYwzO8wpujnBfn3flYtK45+cwJ/IHz+QN/8Y3Y</latexit>

x(t)
<latexit sha1_base64="WEw5fQIMaoheL41YjdIyuta67fc=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBahXkoiUj0WvHisYD+gDWWz3bRLN5uwOxFK6V/w4kERr/4hb/4bN20O2vpg4PHeDDPzgkQKg6777RQ2Nre2d4q7pb39g8Oj8vFJ28SpZrzFYhnrbkANl0LxFgqUvJtoTqNA8k4wucv8zhPXRsTqEacJ9yM6UiIUjGImJVW8HJQrbs1dgKwTLycVyNEclL/6w5ilEVfIJDWm57kJ+jOqUTDJ56V+anhC2YSOeM9SRSNu/Nni1jm5sMqQhLG2pZAs1N8TMxoZM40C2xlRHJtVLxP/83ophrf+TKgkRa7YclGYSoIxyR4nQ6E5Qzm1hDIt7K2EjammDG08JRuCt/ryOmlf1bx6rf5wXWm4eRxFOINzqIIHN9CAe2hCCxiM4Rle4c2JnBfn3flYthacfOYU/sD5/AFzuY3Q</latexit>

p(t)

<latexit sha1_base64="fHxol0qaSNeBqcHAzrOHsxaASvA=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBahXkoiUj0WvHisYD+gDWWz3bRLdzdhdyOE0L/gxYMiXv1D3vw3btoctPXBwOO9GWbmBTFn2rjut1Pa2Nza3invVvb2Dw6PqscnXR0litAOiXik+gHWlDNJO4YZTvuxolgEnPaC2V3u956o0iySjyaNqS/wRLKQEWxyKa2by1G15jbcBdA68QpSgwLtUfVrOI5IIqg0hGOtB54bGz/DyjDC6bwyTDSNMZnhCR1YKrGg2s8Wt87RhVXGKIyULWnQQv09kWGhdSoC2ymwmepVLxf/8waJCW/9jMk4MVSS5aIw4chEKH8cjZmixPDUEkwUs7ciMsUKE2PjqdgQvNWX10n3quE1G82H61rLLeIowxmcQx08uIEW3EMbOkBgCs/wCm+OcF6cd+dj2VpyiplT+APn8weBeI3Z</latexit>

y(t)

<latexit sha1_base64="Wdur54iMx72gFLnwtL88obcb0oc=">AAAB9XicbZDLSgNBEEVr4ivGV9Slm8YgxE2YEYkuA25cRjAPSMbQ0+lJmvQ86K5RhiH/4caFIm79F3f+jZ1kFpp4oeFwq4qqvl4shUbb/rYKa+sbm1vF7dLO7t7+QfnwqK2jRDHeYpGMVNejmksR8hYKlLwbK04DT/KON7mZ1TuPXGkRhfeYxtwN6CgUvmAUjfUQV/G8r5EqkhoalCt2zZ6LrIKTQwVyNQflr/4wYknAQ2SSat1z7BjdjCoUTPJpqZ9oHlM2oSPeMxjSgGs3m189JWfGGRI/UuaFSObu74mMBlqngWc6A4pjvVybmf/Vegn6124mwjhBHrLFIj+RBCMyi4AMheIMZWqAMiXMrYSNqaIMTVAlE4Kz/OVVaF/UnHqtfndZadh5HEU4gVOoggNX0IBbaEILGCh4hld4s56sF+vd+li0Fqx85hj+yPr8AT6xkag=</latexit>

p(t) ω y(t)
<latexit sha1_base64="p+hhDUFZ8yhkg4Qz3N8ieVvk7cM=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSLUS0lEqseCF48VmrbQhjLZbtqlm03Y3Qil9Dd48aCIV3+QN/+N2zYHbX0w8Hhvhpl5YSq4Nq777Wxsbm3v7Bb2ivsHh0fHpZPTlk4yRZlPE5GoToiaCS6Zb7gRrJMqhnEoWDsc38/99hNTmieyaSYpC2IcSh5xisZKPlZk86pfKrtVdwGyTryclCFHo1/66g0SmsVMGipQ667npiaYojKcCjYr9jLNUqRjHLKupRJjpoPp4tgZubTKgESJsiUNWai/J6YYaz2JQ9sZoxnpVW8u/ud1MxPdBVMu08wwSZeLokwQk5D552TAFaNGTCxBqri9ldARKqTG5lO0IXirL6+T1nXVq1VrjzflupvHUYBzuIAKeHALdXiABvhAgcMzvMKbI50X5935WLZuOPnMGfyB8/kD+TeOGQ==</latexit>

a(nT )

After cross correlation, we need to decide at each sample whether there was

a ”1” or a ”0”. Note the much reduced noise after the cross correlation,

σp << σ. 24



Computing Q

The Q function is in the communications toolbox at qfunc().

It is closely related to

• the error function erf()

• and the complimentary error function erfc()

that you are already probably familiar with.

The Gaussian p(x) and Q function look like this:
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<latexit sha1_base64="wlEEsSaojpcyNXUJ+2Hs8dWI+fc=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHYNQY8kXjxCIo8ENmR26IWR2dnNzKyREL7AiweN8eonefNvHGAPClbSSaWqO91dQSK4Nq777eQ2Nre2d/K7hb39g8Oj4vFJS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfj27nffkSleSzvzSRBP6JDyUPOqLFS46lfLLlldwGyTryMlCBDvV/86g1ilkYoDRNU667nJsafUmU4Ezgr9FKNCWVjOsSupZJGqP3p4tAZubDKgISxsiUNWai/J6Y00noSBbYzomakV725+J/XTU1440+5TFKDki0XhakgJibzr8mAK2RGTCyhTHF7K2EjqigzNpuCDcFbfXmdtK7KXrVcbVRKtUoWRx7O4BwuwYNrqMEd1KEJDBCe4RXenAfnxXl3PpatOSebOYU/cD5/AOWVjPk=</latexit>x

<latexit sha1_base64="Oc+FMav2Lz8Wk9NYOAT5HTOZi64=">AAACGHicbVC7SgNBFJ2Nrxhfq5Y2g0GIhXF3kWgjBGwsI5gHZDdhdjKbDM4+nJmVhGE/w8ZfsbFQxDadf+PkUWjigQuHc+7l3nv8hFEhLevbyK2srq1v5DcLW9s7u3vm/kFDxCnHpI5jFvOWjwRhNCJ1SSUjrYQTFPqMNP2Hm4nffCJc0Di6l6OEeCHqRzSgGEktdc3zpDQ8hdfQDTjCys6UKx65VI6b0CyDpKPOZs6w42TKybKuWbTK1hRwmdhzUgRz1Lrm2O3FOA1JJDFDQrRtK5GeQlxSzEhWcFNBEoQfUJ+0NY1QSISnpo9l8EQrPRjEXFck4VT9PaFQKMQo9HVniORALHoT8T+vncrgylM0SlJJIjxbFKQMyhhOUoI9ygmWbKQJwpzqWyEeIB2E1FkWdAj24svLpOGU7Uq5cndRrJbmceTBETgGJWCDS1AFt6AG6gCDZ/AK3sGH8WK8GZ/G16w1Z8xnDsEfGOMfVVef8A==</latexit>

p(x) =
1→
2ω

e→
x2

2

<latexit sha1_base64="myymGFjkkoKOjoGn6e1+n4Mxnaw=">AAAB63icbVBNSwMxEJ2tX7V+VT16CRahXsquSPVY8OKxBfsB7VKyabYNTbJLkhXL0r/gxYMiXv1D3vw3Zts9aOuDgcd7M8zMC2LOtHHdb6ewsbm1vVPcLe3tHxwelY9POjpKFKFtEvFI9QKsKWeStg0znPZiRbEIOO0G07vM7z5SpVkkH8wspr7AY8lCRrDJpFb16XJYrrg1dwG0TrycVCBHc1j+GowikggqDeFY677nxsZPsTKMcDovDRJNY0ymeEz7lkosqPbTxa1zdGGVEQojZUsatFB/T6RYaD0Tge0U2Ez0qpeJ/3n9xIS3fspknBgqyXJRmHBkIpQ9jkZMUWL4zBJMFLO3IjLBChNj4ynZELzVl9dJ56rm1Wv11nWlUc3jKMIZnEMVPLiBBtxDE9pAYALP8ApvjnBenHfnY9lacPKZU/gD5/MHSAyNrQ==</latexit>

Q(x)

25



Error Rate on On-Off Keying

An error is either due to

• Detecting a 1, when a 0 was sent

• Detecting a 0, when a 1 was sent

<latexit sha1_base64="8UbbUXKMAg+oa3NE9rSmBOK65Is=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseCF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1Fip6Q7KFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGtn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1W9WrXWvK7Ur/M4inAG53AJHtxAHe6hAS1ggPAMr/DmPDovzrvzsWwtOPnMKfyB8/kDeHWMsQ==</latexit>

0
<latexit sha1_base64="OxqNHYM5GhZANXwNhBZQEdD7AfM=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseCF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipSQflilt1FyDrxMtJBXI0BuWv/jBmaYTSMEG17nluYvyMKsOZwFmpn2pMKJvQEfYslTRC7WeLQ2fkwipDEsbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmvDWz7hMUoOSLReFqSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m5INwVt9eZ20r6perVprXlfq13kcRTiDc7gED26gDvfQgBYwQHiGV3hzHp0X5935WLYWnHzmFP7A+fwBwrmM4g==</latexit>a

<latexit sha1_base64="XQvJs+flBddaYcK6quHOvaOg/bw=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69BIvgqSQi1WPBi8cK9gPaUCbbbbt0swm7E6GE/ggvHhTx6u/x5r9x2+agrQ8GHu/NMDMvTKQw5HnfTmFjc2t7p7hb2ts/ODwqH5+0TJxqxpsslrHuhGi4FIo3SZDknURzjELJ2+Hkbu63n7g2IlaPNE14EOFIiaFgSFZq98ZIGc765YpX9RZw14mfkwrkaPTLX71BzNKIK2ISjen6XkJBhpoEk3xW6qWGJ8gmOOJdSxVG3ATZ4tyZe2GVgTuMtS1F7kL9PZFhZMw0Cm1nhDQ2q95c/M/rpjS8DTKhkpS4YstFw1S6FLvz392B0JyRnFqCTAt7q8vGqJGRTahkQ/BXX14nrauqX6vWHq4r9es8jiKcwTlcgg83UId7aEATGEzgGV7hzUmcF+fd+Vi2Fpx85hT+wPn8AYylj68=</latexit>

â

Missed Detection False Alarm

<latexit sha1_base64="5e2mm6ghlpb69HTt8M0W219SvL8=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseCF48V+wVtKJvtpF262YTdjVBCf4IXD4p49Rd589+4bXPQ1gcDj/dmmJkXJIJr47rfTmFjc2t7p7hb2ts/ODwqH5+0dZwqhi0Wi1h1A6pRcIktw43AbqKQRoHATjC5m/udJ1Sax7Jppgn6ER1JHnJGjZUe6aA5KFfcqrsAWSdeTiqQozEof/WHMUsjlIYJqnXPcxPjZ1QZzgTOSv1UY0LZhI6wZ6mkEWo/W5w6IxdWGZIwVrakIQv190RGI62nUWA7I2rGetWbi/95vdSEt37GZZIalGy5KEwFMTGZ/02GXCEzYmoJZYrbWwkbU0WZsemUbAje6svrpH1V9WrV2sN1pX6dx1GEMziHS/DgBupwDw1oAYMRPMMrvDnCeXHenY9la8HJZ07hD5zPHx0Ojak=</latexit>aT

<latexit sha1_base64="MLPkv2c+h6V9dMbVE8Q+9PDmtoA=">AAACC3icbVDLSsNAFJ3UV62vqEs3oUWom5JIqS4Lbly20Bc0IUymk3To5MHMjVBC9m78FTcuFHHrD7jzb5y2WWjrgQuHc+7l3nu8hDMJpvmtlba2d3b3yvuVg8Oj4xP99Gwg41QQ2icxj8XIw5JyFtE+MOB0lAiKQ4/ToTe7W/jDByoki6MezBPqhDiImM8IBiW5erVrc+pD3fYFJhl2e3lmSxaE2E1yW7BgCleuXjMb5hLGJrEKUkMFOq7+ZU9ikoY0AsKxlGPLTMDJsABGOM0rdippgskMB3SsaIRDKp1s+UtuXCplYvixUBWBsVR/T2Q4lHIeeqozxDCV695C/M8bp+DfOhmLkhRoRFaL/JQbEBuLYIwJE5QAnyuCiWDqVoNMsUoFVHwVFYK1/vImGVw3rFaj1W3W2s0ijjK6QFVURxa6QW10jzqojwh6RM/oFb1pT9qL9q59rFpLWjFzjv5A+/wBiOObVw==</latexit>

Q

(
aT

ωp

)<latexit sha1_base64="jgIEMPCNdtw3TgZJbric5f/dlvA=">AAACD3icbVDJSgNBEO2JW4xb1KOXwaDEQ8KMhOgx4MVjAtkgE4aaTk/SpGehu0YIQ/7Ai7/ixYMiXr1682/sLAdNfFDweK+KqnpeLLhCy/o2MhubW9s72d3c3v7B4VH++KStokRS1qKRiGTXA8UED1kLOQrWjSWDwBOs443vZn7ngUnFo7CJk5j1AxiG3OcUUEtu/tIuNRzBfCw6vgSagtsswTR1FB8G4MZTR/LhCK/cfMEqW3OY68RekgJZou7mv5xBRJOAhUgFKNWzrRj7KUjkVLBpzkkUi4GOYch6moYQMNVP5/9MzQutDEw/krpCNOfq74kUAqUmgac7A8CRWvVm4n9eL0H/tp/yME6QhXSxyE+EiZE5C8cccMkoiokmQCXXt5p0BDoX1BHmdAj26svrpH1dtqvlaqNSqFWWcWTJGTknRWKTG1Ij96ROWoSSR/JMXsmb8WS8GO/Gx6I1YyxnTskfGJ8/p3Gcaw==</latexit>

1 → Q

(
aT → a

ωp

)

So the error for a signal bit is

Pb = Q

(
at
σp

)

since Q is symmetric, and the errors have the same probabilities. We have

two events, each with a probability of 1/2. 26



Error Rate on On-Off Keying, SNR

The SNR is

SNR =
a2

σ2
p

where a = 2at, twice the decision threshold. The probability of error is then

Pb = Q

(
at
σp

)
= Q

(
a/2

σp

)
= Q

(
1

2

√
SNR

)

The probability that we have no errors in a packet with N bits is

Pnp = (1− Pb)
N

and the probability of a packet with errors is

Pp = 1− Pnp = 1− (1− Pb)
N

27



Error Rate on On-Off Keying, SNR

The probability of a bit error Pb and packet error Pp as a function of SNR

looks like this for N = 100 length packet
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This is roughly the length of your ADSB packets. You need an SNR of

about 55 for 1% packet errors.

Again, this is the SNR after the matched filter.

28



Optimal Detection with a Symbol Constellation

Assume we have a constellation of symbols, as in the last lecture,

PAM-5

<latexit sha1_base64="aDzRWEBZk+mfsOepPjcYCAN20YI=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPBi8cq9gPaUDbbSbt0s0l3N0IJ/RNePCji1b/jzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU1HGqGDZYLGLVDqhGwSU2DDcC24lCGgUCW8Hodua3nlBpHstHM0nQj+hA8pAzaqzUzrqMCvIw7ZUrbtWdg6wSLycVyFHvlb+6/ZilEUrDBNW647mJ8TOqDGcCp6VuqjGhbEQH2LFU0gi1n83vnZIzq/RJGCtb0pC5+nsio5HWkyiwnRE1Q73szcT/vE5qwhs/4zJJDUq2WBSmgpiYzJ4nfa6QGTGxhDLF7a2EDamizNiISjYEb/nlVdK8qHpXVe/+slJz8ziKcAKncA4eXEMN7qAODWAg4Ble4c0ZOy/Ou/OxaC04+cwx/IHz+QO3Po+0</latexit>R

<latexit sha1_base64="ImRtkJYBliFBh5sSnnaqnjfIPAU=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPBi94q2A9oQ9lsJ+3SzSbd3Qgl9E948aCIV/+ON/+N2zYHbX0w8Hhvhpl5QSK4Nq777RTW1jc2t4rbpZ3dvf2D8uFRU8epYthgsYhVO6AaBZfYMNwIbCcKaRQIbAWj25nfekKleSwfzSRBP6IDyUPOqLFSO+syKsj9tFeuuFV3DrJKvJxUIEe9V/7q9mOWRigNE1Trjucmxs+oMpwJnJa6qcaEshEdYMdSSSPUfja/d0rOrNInYaxsSUPm6u+JjEZaT6LAdkbUDPWyNxP/8zqpCW/8jMskNSjZYlGYCmJiMnue9LlCZsTEEsoUt7cSNqSKMmMjKtkQvOWXV0nzoupdVb2Hy0rNzeMowgmcwjl4cA01uIM6NICBgGd4hTdn7Lw4787HorXg5DPH8AfO5w+pkY+r</latexit>I PSK-8

<latexit sha1_base64="aDzRWEBZk+mfsOepPjcYCAN20YI=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPBi8cq9gPaUDbbSbt0s0l3N0IJ/RNePCji1b/jzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU1HGqGDZYLGLVDqhGwSU2DDcC24lCGgUCW8Hodua3nlBpHstHM0nQj+hA8pAzaqzUzrqMCvIw7ZUrbtWdg6wSLycVyFHvlb+6/ZilEUrDBNW647mJ8TOqDGcCp6VuqjGhbEQH2LFU0gi1n83vnZIzq/RJGCtb0pC5+nsio5HWkyiwnRE1Q73szcT/vE5qwhs/4zJJDUq2WBSmgpiYzJ4nfa6QGTGxhDLF7a2EDamizNiISjYEb/nlVdK8qHpXVe/+slJz8ziKcAKncA4eXEMN7qAODWAg4Ble4c0ZOy/Ou/OxaC04+cwx/IHz+QO3Po+0</latexit>R

<latexit sha1_base64="ImRtkJYBliFBh5sSnnaqnjfIPAU=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPBi94q2A9oQ9lsJ+3SzSbd3Qgl9E948aCIV/+ON/+N2zYHbX0w8Hhvhpl5QSK4Nq777RTW1jc2t4rbpZ3dvf2D8uFRU8epYthgsYhVO6AaBZfYMNwIbCcKaRQIbAWj25nfekKleSwfzSRBP6IDyUPOqLFSO+syKsj9tFeuuFV3DrJKvJxUIEe9V/7q9mOWRigNE1Trjucmxs+oMpwJnJa6qcaEshEdYMdSSSPUfja/d0rOrNInYaxsSUPm6u+JjEZaT6LAdkbUDPWyNxP/8zqpCW/8jMskNSjZYlGYCmJiMnue9LlCZsTEEsoUt7cSNqSKMmMjKtkQvOWXV0nzoupdVb2Hy0rNzeMowgmcwjl4cA01uIM6NICBgGd4hTdn7Lw4787HorXg5DPH8AfO5w+pkY+r</latexit>I QAM-16

<latexit sha1_base64="aDzRWEBZk+mfsOepPjcYCAN20YI=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPBi8cq9gPaUDbbSbt0s0l3N0IJ/RNePCji1b/jzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU1HGqGDZYLGLVDqhGwSU2DDcC24lCGgUCW8Hodua3nlBpHstHM0nQj+hA8pAzaqzUzrqMCvIw7ZUrbtWdg6wSLycVyFHvlb+6/ZilEUrDBNW647mJ8TOqDGcCp6VuqjGhbEQH2LFU0gi1n83vnZIzq/RJGCtb0pC5+nsio5HWkyiwnRE1Q73szcT/vE5qwhs/4zJJDUq2WBSmgpiYzJ4nfa6QGTGxhDLF7a2EDamizNiISjYEb/nlVdK8qHpXVe/+slJz8ziKcAKncA4eXEMN7qAODWAg4Ble4c0ZOy/Ou/OxaC04+cwx/IHz+QO3Po+0</latexit>R

<latexit sha1_base64="ImRtkJYBliFBh5sSnnaqnjfIPAU=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPBi94q2A9oQ9lsJ+3SzSbd3Qgl9E948aCIV/+ON/+N2zYHbX0w8Hhvhpl5QSK4Nq777RTW1jc2t4rbpZ3dvf2D8uFRU8epYthgsYhVO6AaBZfYMNwIbCcKaRQIbAWj25nfekKleSwfzSRBP6IDyUPOqLFSO+syKsj9tFeuuFV3DrJKvJxUIEe9V/7q9mOWRigNE1Trjucmxs+oMpwJnJa6qcaEshEdYMdSSSPUfja/d0rOrNInYaxsSUPm6u+JjEZaT6LAdkbUDPWyNxP/8zqpCW/8jMskNSjZYlGYCmJiMnue9LlCZsTEEsoUt7cSNqSKMmMjKtkQvOWXV0nzoupdVb2Hy0rNzeMowgmcwjl4cA01uIM6NICBgGd4hTdn7Lw4787HorXg5DPH8AfO5w+pkY+r</latexit>I

If we assume

• All symbols are equally likely

• The noise is AWGN

Then the optimal detector simply chooses the closest point in the

constellation

29



Optimal Detection with a Symbol Constellation, (con’t)

With noise, each symbol we acquire will have an uncertainty

PAM-5

<latexit sha1_base64="aDzRWEBZk+mfsOepPjcYCAN20YI=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPBi8cq9gPaUDbbSbt0s0l3N0IJ/RNePCji1b/jzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU1HGqGDZYLGLVDqhGwSU2DDcC24lCGgUCW8Hodua3nlBpHstHM0nQj+hA8pAzaqzUzrqMCvIw7ZUrbtWdg6wSLycVyFHvlb+6/ZilEUrDBNW647mJ8TOqDGcCp6VuqjGhbEQH2LFU0gi1n83vnZIzq/RJGCtb0pC5+nsio5HWkyiwnRE1Q73szcT/vE5qwhs/4zJJDUq2WBSmgpiYzJ4nfa6QGTGxhDLF7a2EDamizNiISjYEb/nlVdK8qHpXVe/+slJz8ziKcAKncA4eXEMN7qAODWAg4Ble4c0ZOy/Ou/OxaC04+cwx/IHz+QO3Po+0</latexit>R

<latexit sha1_base64="ImRtkJYBliFBh5sSnnaqnjfIPAU=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPBi94q2A9oQ9lsJ+3SzSbd3Qgl9E948aCIV/+ON/+N2zYHbX0w8Hhvhpl5QSK4Nq777RTW1jc2t4rbpZ3dvf2D8uFRU8epYthgsYhVO6AaBZfYMNwIbCcKaRQIbAWj25nfekKleSwfzSRBP6IDyUPOqLFSO+syKsj9tFeuuFV3DrJKvJxUIEe9V/7q9mOWRigNE1Trjucmxs+oMpwJnJa6qcaEshEdYMdSSSPUfja/d0rOrNInYaxsSUPm6u+JjEZaT6LAdkbUDPWyNxP/8zqpCW/8jMskNSjZYlGYCmJiMnue9LlCZsTEEsoUt7cSNqSKMmMjKtkQvOWXV0nzoupdVb2Hy0rNzeMowgmcwjl4cA01uIM6NICBgGd4hTdn7Lw4787HorXg5DPH8AfO5w+pkY+r</latexit>I PSK-8

<latexit sha1_base64="aDzRWEBZk+mfsOepPjcYCAN20YI=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPBi8cq9gPaUDbbSbt0s0l3N0IJ/RNePCji1b/jzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU1HGqGDZYLGLVDqhGwSU2DDcC24lCGgUCW8Hodua3nlBpHstHM0nQj+hA8pAzaqzUzrqMCvIw7ZUrbtWdg6wSLycVyFHvlb+6/ZilEUrDBNW647mJ8TOqDGcCp6VuqjGhbEQH2LFU0gi1n83vnZIzq/RJGCtb0pC5+nsio5HWkyiwnRE1Q73szcT/vE5qwhs/4zJJDUq2WBSmgpiYzJ4nfa6QGTGxhDLF7a2EDamizNiISjYEb/nlVdK8qHpXVe/+slJz8ziKcAKncA4eXEMN7qAODWAg4Ble4c0ZOy/Ou/OxaC04+cwx/IHz+QO3Po+0</latexit>R

<latexit sha1_base64="ImRtkJYBliFBh5sSnnaqnjfIPAU=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPBi94q2A9oQ9lsJ+3SzSbd3Qgl9E948aCIV/+ON/+N2zYHbX0w8Hhvhpl5QSK4Nq777RTW1jc2t4rbpZ3dvf2D8uFRU8epYthgsYhVO6AaBZfYMNwIbCcKaRQIbAWj25nfekKleSwfzSRBP6IDyUPOqLFSO+syKsj9tFeuuFV3DrJKvJxUIEe9V/7q9mOWRigNE1Trjucmxs+oMpwJnJa6qcaEshEdYMdSSSPUfja/d0rOrNInYaxsSUPm6u+JjEZaT6LAdkbUDPWyNxP/8zqpCW/8jMskNSjZYlGYCmJiMnue9LlCZsTEEsoUt7cSNqSKMmMjKtkQvOWXV0nzoupdVb2Hy0rNzeMowgmcwjl4cA01uIM6NICBgGd4hTdn7Lw4787HorXg5DPH8AfO5w+pkY+r</latexit>I QAM-16

<latexit sha1_base64="aDzRWEBZk+mfsOepPjcYCAN20YI=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPBi8cq9gPaUDbbSbt0s0l3N0IJ/RNePCji1b/jzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU1HGqGDZYLGLVDqhGwSU2DDcC24lCGgUCW8Hodua3nlBpHstHM0nQj+hA8pAzaqzUzrqMCvIw7ZUrbtWdg6wSLycVyFHvlb+6/ZilEUrDBNW647mJ8TOqDGcCp6VuqjGhbEQH2LFU0gi1n83vnZIzq/RJGCtb0pC5+nsio5HWkyiwnRE1Q73szcT/vE5qwhs/4zJJDUq2WBSmgpiYzJ4nfa6QGTGxhDLF7a2EDamizNiISjYEb/nlVdK8qHpXVe/+slJz8ziKcAKncA4eXEMN7qAODWAg4Ble4c0ZOy/Ou/OxaC04+cwx/IHz+QO3Po+0</latexit>R

<latexit sha1_base64="ImRtkJYBliFBh5sSnnaqnjfIPAU=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPBi94q2A9oQ9lsJ+3SzSbd3Qgl9E948aCIV/+ON/+N2zYHbX0w8Hhvhpl5QSK4Nq777RTW1jc2t4rbpZ3dvf2D8uFRU8epYthgsYhVO6AaBZfYMNwIbCcKaRQIbAWj25nfekKleSwfzSRBP6IDyUPOqLFSO+syKsj9tFeuuFV3DrJKvJxUIEe9V/7q9mOWRigNE1Trjucmxs+oMpwJnJa6qcaEshEdYMdSSSPUfja/d0rOrNInYaxsSUPm6u+JjEZaT6LAdkbUDPWyNxP/8zqpCW/8jMskNSjZYlGYCmJiMnue9LlCZsTEEsoUt7cSNqSKMmMjKtkQvOWXV0nzoupdVb2Hy0rNzeMowgmcwjl4cA01uIM6NICBgGd4hTdn7Lw4787HorXg5DPH8AfO5w+pkY+r</latexit>I

The optimal choice is to choose the closest one

PAM-5

<latexit sha1_base64="aDzRWEBZk+mfsOepPjcYCAN20YI=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPBi8cq9gPaUDbbSbt0s0l3N0IJ/RNePCji1b/jzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU1HGqGDZYLGLVDqhGwSU2DDcC24lCGgUCW8Hodua3nlBpHstHM0nQj+hA8pAzaqzUzrqMCvIw7ZUrbtWdg6wSLycVyFHvlb+6/ZilEUrDBNW647mJ8TOqDGcCp6VuqjGhbEQH2LFU0gi1n83vnZIzq/RJGCtb0pC5+nsio5HWkyiwnRE1Q73szcT/vE5qwhs/4zJJDUq2WBSmgpiYzJ4nfa6QGTGxhDLF7a2EDamizNiISjYEb/nlVdK8qHpXVe/+slJz8ziKcAKncA4eXEMN7qAODWAg4Ble4c0ZOy/Ou/OxaC04+cwx/IHz+QO3Po+0</latexit>R

<latexit sha1_base64="ImRtkJYBliFBh5sSnnaqnjfIPAU=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPBi94q2A9oQ9lsJ+3SzSbd3Qgl9E948aCIV/+ON/+N2zYHbX0w8Hhvhpl5QSK4Nq777RTW1jc2t4rbpZ3dvf2D8uFRU8epYthgsYhVO6AaBZfYMNwIbCcKaRQIbAWj25nfekKleSwfzSRBP6IDyUPOqLFSO+syKsj9tFeuuFV3DrJKvJxUIEe9V/7q9mOWRigNE1Trjucmxs+oMpwJnJa6qcaEshEdYMdSSSPUfja/d0rOrNInYaxsSUPm6u+JjEZaT6LAdkbUDPWyNxP/8zqpCW/8jMskNSjZYlGYCmJiMnue9LlCZsTEEsoUt7cSNqSKMmMjKtkQvOWXV0nzoupdVb2Hy0rNzeMowgmcwjl4cA01uIM6NICBgGd4hTdn7Lw4787HorXg5DPH8AfO5w+pkY+r</latexit>I PSK-8

<latexit sha1_base64="aDzRWEBZk+mfsOepPjcYCAN20YI=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPBi8cq9gPaUDbbSbt0s0l3N0IJ/RNePCji1b/jzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU1HGqGDZYLGLVDqhGwSU2DDcC24lCGgUCW8Hodua3nlBpHstHM0nQj+hA8pAzaqzUzrqMCvIw7ZUrbtWdg6wSLycVyFHvlb+6/ZilEUrDBNW647mJ8TOqDGcCp6VuqjGhbEQH2LFU0gi1n83vnZIzq/RJGCtb0pC5+nsio5HWkyiwnRE1Q73szcT/vE5qwhs/4zJJDUq2WBSmgpiYzJ4nfa6QGTGxhDLF7a2EDamizNiISjYEb/nlVdK8qHpXVe/+slJz8ziKcAKncA4eXEMN7qAODWAg4Ble4c0ZOy/Ou/OxaC04+cwx/IHz+QO3Po+0</latexit>R

<latexit sha1_base64="ImRtkJYBliFBh5sSnnaqnjfIPAU=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPBi94q2A9oQ9lsJ+3SzSbd3Qgl9E948aCIV/+ON/+N2zYHbX0w8Hhvhpl5QSK4Nq777RTW1jc2t4rbpZ3dvf2D8uFRU8epYthgsYhVO6AaBZfYMNwIbCcKaRQIbAWj25nfekKleSwfzSRBP6IDyUPOqLFSO+syKsj9tFeuuFV3DrJKvJxUIEe9V/7q9mOWRigNE1Trjucmxs+oMpwJnJa6qcaEshEdYMdSSSPUfja/d0rOrNInYaxsSUPm6u+JjEZaT6LAdkbUDPWyNxP/8zqpCW/8jMskNSjZYlGYCmJiMnue9LlCZsTEEsoUt7cSNqSKMmMjKtkQvOWXV0nzoupdVb2Hy0rNzeMowgmcwjl4cA01uIM6NICBgGd4hTdn7Lw4787HorXg5DPH8AfO5w+pkY+r</latexit>I QAM-16

<latexit sha1_base64="aDzRWEBZk+mfsOepPjcYCAN20YI=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPBi8cq9gPaUDbbSbt0s0l3N0IJ/RNePCji1b/jzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU1HGqGDZYLGLVDqhGwSU2DDcC24lCGgUCW8Hodua3nlBpHstHM0nQj+hA8pAzaqzUzrqMCvIw7ZUrbtWdg6wSLycVyFHvlb+6/ZilEUrDBNW647mJ8TOqDGcCp6VuqjGhbEQH2LFU0gi1n83vnZIzq/RJGCtb0pC5+nsio5HWkyiwnRE1Q73szcT/vE5qwhs/4zJJDUq2WBSmgpiYzJ4nfa6QGTGxhDLF7a2EDamizNiISjYEb/nlVdK8qHpXVe/+slJz8ziKcAKncA4eXEMN7qAODWAg4Ble4c0ZOy/Ou/OxaC04+cwx/IHz+QO3Po+0</latexit>R

<latexit sha1_base64="ImRtkJYBliFBh5sSnnaqnjfIPAU=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPBi94q2A9oQ9lsJ+3SzSbd3Qgl9E948aCIV/+ON/+N2zYHbX0w8Hhvhpl5QSK4Nq777RTW1jc2t4rbpZ3dvf2D8uFRU8epYthgsYhVO6AaBZfYMNwIbCcKaRQIbAWj25nfekKleSwfzSRBP6IDyUPOqLFSO+syKsj9tFeuuFV3DrJKvJxUIEe9V/7q9mOWRigNE1Trjucmxs+oMpwJnJa6qcaEshEdYMdSSSPUfja/d0rOrNInYaxsSUPm6u+JjEZaT6LAdkbUDPWyNxP/8zqpCW/8jMskNSjZYlGYCmJiMnue9LlCZsTEEsoUt7cSNqSKMmMjKtkQvOWXV0nzoupdVb2Hy0rNzeMowgmcwjl4cA01uIM6NICBgGd4hTdn7Lw4787HorXg5DPH8AfO5w+pkY+r</latexit>I
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Designing Constellations

Things we’d like

• Minimum signal amplitude and power for efficiency

• Maximum separation between symbols for detection

• Minimum bandwidth

• Maximum bit rate

• Minimum decoding complexity (timing, frequency offset, etc)

We’ll look at comparing some of the major constellations next week
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Conclusion

A matched filter is a good way to detect the presence of signals in noise

For communications,

• Synchronize to the symbols

• Use a matched filter for each symbol

• Choose the symbol that most closely matches the received signal

This maximizes performance for noise and interference rejection.

More on synchronization later.
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