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Why Photodiode Noise?

* Noise Is a key parameter in photodiode design
— Wide bandwidth (integrate more noise)
— Low signal levels (noise more critical)

* Photodiode amplifier noise is more complex
— Parasitic capacitance and sensor capacitance
— Poles and zeros
— Gain peaking
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Photodiode Basics

 Introduction

 Photodiodes convert light into current or voltage.

 Photodiode type

PIN photodiode — wide spectral range (less selective), PIN = p-doping, intrinsic material, n-doping (most popular)
* PN photodiode — more wavelength selective

« APD (Avalanche photodiode) — sensitive to low light, fast

SPECTRAL RESPONSE
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Basic Photodiode Physics

< E-field
Magnitude
E-field

Photon

Photon

Depletion
Region
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Photodiode model

—@ » "N l
IL Rs HID
lo I
- S = =
) -G 2 R
- = ! /] : Eg = 4 :
LI » * O
FPCCoHER

Figurel.4 Photodiode Equivalent Circuit
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Figurel.5 Current VS. Voltage Characteristics
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Output current is given as :

eVD

1 kT 1
IO.:IL—ID—I_IL—ISe -1) -1
| 5 : Photodiode reverse saturation current
e: electron charge
k: Boltzmann's constant

T. Absolute temperature of the photodiode

|, = light current
|, = dark current
I" = leakage current

The open circuit voltage Voc is the vV - kT | L~ .
output voltage when lo equals 0. Thus oc= g n I +
Voc becomes: S
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Photodiode and Control Source TINA model

VCCS transconductance
simulate flux responsivity

VG
Simulate light source

@
Cj \Velex ki
VvG2( / — ||

Rs

@ @ @ ®-

Cl—— ' IdT Diode —— cd < Rd
VGI@ y F <_>‘T @ A 4 § ~ i
R1 |

Photodiode equivalent circuit

Light exciting source:

1) Use VG1 and VG2 voltage sources to simulate light power wave.

2) Use R1 and C1 shape light signal

3) The Voltage Control Current Source (VCCS1) simulates photodiode sensitivity.

Photodiode Equivalent Circuit:

1), Current Source Id simulates Dark current

2), Diode is a ideal diode

3), Cd and Rd simulate photodiode's junction capacitor and dark Resistance.

4), Rs is series resistor, which is far smaller than Rd.

Ideal OP

L

Vo
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Photo-Diode Amp Noise Model

Photodiode Model

c e

Resistor Model

 Vn Rf100k
L (H—AW

ok

[ 4

',,""&)p-Amp Model

[ 4
4
[ 4

L )
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Photodiode noise

Thermal (Johnson Noise)

k, Boltzmann constant 1.38*10 -23J/K

| Dark Current in photodiode
.-~ Op-Amp Model

4kb-Tn
I =
J Cl4
Rsh q Electron Charge 1.6*10 19 C i
Resistor Model
Shot noise (dark) T,, Temperature in Kelvin (25C) ‘ : V:” R1100k
i ~= [2a0.1 f_ Transconductance bandw idth _
sD =44''D P Photodiode Model :
: : i ’ v Vour
Shot noise (w . Light) Ry, Shunt Resistance in photodiode ECin 1 i -
; n
; n

Total Diode Current Noise _ _
|, Photo current in photodiode

) 2 . 2 . 2
|n= |j +|SD +|SL
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Noise Gain i

Resistor Model

Photodiode Model

Simplify the quel % I %}i %R Vo
to compute Noise | L’ ....... 'j _______ f T
Gain -
ﬁ Cf 4p
|  Vout I
Noise Gain = —— Rf 100k
_ v | 10
n
_ ¢ Vour
Galn Seen by the ::Cin:Cj+Copa ;D——(
noise voltage T v
source. - -
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Noise Gain

Nodal Analysis on transimpedance anmp

Vn (Vn N Vout) Vn N Vout
+ + =0

1 Rf 1

S'Cin

SCf

Solve for noise gain Vout/ Vn

Vout _ Rf‘(Cf + Cin)'S +1

A CeRes + 1

The numerator contains a Zero

£ 1
Z- 21 Rf(Cf + Cm)

The denominator contains a Pole

1

foz ——
p 2712 Rfo

Voltage (V)

—_— 1/(|s|Cf)
|1
Rf
¢ AN
—>
<_
\Node

Noise Gain

=iy

Vour

- f

/7T
Z 1.00k

Frequency (Hz)

1.00M

1.00G
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Noise Gain

Gain Peak
Magnitude

Noise Gain

1.00k

Frequency (Hz)

\
1.00M

fC Unity Gain
Bandwidth

1.00G

GPM =14+ —"

Intersection of the noise gain curve
w ith the Aol Curve

Unity Gain Bandw idth from
Op-Anmp Data Sheet

Gain Peak Magnitude
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Noise Gain

Output
Op-Amp Noise
Voltage Noise (€
(Data Sheet)

1/f Noise
/region /Peak

1/f
region Br(r):figind

Roll
Off

Noise Gain
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Simulating Noise gain

C22p VF2
— - < e
R11M = C31T
1»——%—4»—@.—4_&

L1AT

V118

V'hﬂ\l}jrﬂ

VF3 -

o™ VF1

: : VF
Noise Gain =

1
B
VF3

| to V Gain=
AM1

=
— g \Eﬂ IOPAMP
\ =

N

=

V218,

i

i
VG1
VF3
—
- .

and noise bandwidth

* Break the loop to
measure Aol, 1/B, and |

to V Gain

Noname - AC Ampli8
Eile Edit Yiew P Help

= BElas

(=1

|~ O st B~ | « 2D

120.00 ———————
100.00

80.00
< 6000
_ ]
5 ]
3 4000
20.00

0.00-]

AOL

-20.00-]

1.00

L 1
3162k 1.00G

Frequency (Hz)

AL Arnplil | AC Ampli2 | AT Amplia | AC Amplid | AC Arnpiis | AC Amplis | AC Ampli7 AC Amplig |
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Voltage Noise eni, eno and En
30

eno = An'eni —

Region 1 Region 2 Region 3 . Region4 | Region 5
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Voltage Noise e, , e, and E_,

ni v
f; 2
e - f
Region 1 noise: E_ “=2—d, =e *f In—
f, L
fZ
Region 2 noise: Enoe22 = J. enifzdf = enif2 ( fz - ff )
ff
f, 2 g2 2 £3 3
e - f e | f,o—f
Region 3 noise: E 2| d. =| Pz
noe3 f 2 f f 3
f, z z
f. 2 2
(e, C +C
Region 4 noise: E .. = ( nif ] d, = (enif T J (fi _f )
P C, i
fp
2 2
e f e f
Region 5 noise: Enoe52 = J‘L il Cj d, = ML
f f f
L 2 2 2 2 2 2
" Tnoe  Tnoe noe noe noe noe
Total voltage noise E E 1 + E 5 +E 3 +E 4 +E .
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Voltage Noise e, , e, and E_,

ni ?

| | I 'l
| | | |
| | | |
| | | |
| | | |
eno ) | | | |
Log scale I I
_ R.1 | /::4\:\_
| | | A |
| R.2 : R.3 I | R5
| | | |
| | | |
Enor2
Eno Linear scale
Linear scale
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Resistor Noise and Current Noise

Current noise and resistor noise are limited

120.00— . . .
by the transimpedance (I-V gain) bandwidth
Poles Kn
80.00] .
5 ) IVgain 1 1.57
8 2 1.22
40.00— 3 1.16
1| Voltage Noise gain | _
Noise BW — )}
¢«— Small Signal BW—): |
OOO T T T T T T T T I T T T T T L T I 0
1.00 5.48K 30.00M \‘\ Skt of
Frequency (Hz) 1-Pole Filter
I Response
| /
@ I _
-\? -20 l 2-I§ci(lgtlgi{ter
BWn —_ Kn 'f "é : Response
p % : Skirt of
f‘t’ | 3-Pole Filter
T .40 | Response
f Brickwall ————+—}
noR"J =" n
-80

E ImeBWn o1f

nol—

Frequency (f)
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Parasitic Capacitance Limits the Bandwidth

Cs 500f
Vp &
¥ o fp — = 31&Hz
(V)l Gl — Cd 200p § Rd 50G %P Vo(
| . Max bandwidth with Min Cf
. |117dB,317kHz|/  Low Cf may be unstable
« Wide BW Increases noise
008 * As shown Cf=Cs (stray cap)
1 10 100 1k Freq::(:;cy - 100k 1M 10M 100M
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Feedback Capacitance Required for Stability

Rf 1M

A 1/Beta
ol (Noise Gain)

Gain (dB)

-20dB/dec +20dB/dec

40dB/dec
Rate of
Closure

¢ = 150MHz
Unity Gain BW

Frequency (Hz)

- Noise Gain is key to stability

* Also called 1/Beta (in stability analysis)
« ROC = Rate of Closure

« ROC = (Aol slope) — (1/Beta slope)

» Unstable when ROC > 20dB/decade
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Feedback Capacitance Required for Stability

0.00—
2.88—
i —
— Vo i
Cin70p ——
-1.48 ' | ' | ' | ' |
0.00 50.00u 10

00000000000000

Applying a Step Input shows
Instability at output
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Choosing a Minimum Cf for Stability

Cf 273f

Cin 70p —— >—

120

=

o

o
|

Gain (dB)
(0]
o
.

_207 T T \\\\\\‘ T T \\\\\\‘ T T \\\\\\‘
1 1k 1M / 1G

Frequency (Hz) fo = 150MHz
Unity Gain BW

fo = 150MHz Op-amp Unity Gain Bandw idth

Cin = 70pF Total input capacitance
Rf = 1MQ Feedback resistance
Cip, Simplified equation for
Cs = = 272.5F minimum feedback cap
\ 2r-Re-Te Assumes Cin >> Cf
CC = 1 Intermediate calculation used
2m ‘Rf'fc iINn more exact formula
c I More exact
C In formula for

capacitance
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Noise Model for Simple Transimpedance Amp

ClI I4p
|1

Resistor Model

Vn R1 100k
F—wW\

Photodiode Model

',o"'bp-Amp Model
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Example Photodiode: PDB-C158

ABSOLUTE MAXIMUM RATING (1A= 23°Cc UNLESS OTHERWISE NOTED SPECTRAL RESPONSE
0.60
SYMBOL PARAMETER MIN MAX | UNITS — A
S 050 -
Vagr Reverse Voltage 50 V < 040 P N\
£ % \
Tsto Storage Temperature -40 +100 °C E 0.30 //’ \
To Operating Temperature -40 +80 °C 8 020 //’ \
5 ¥ 0.10
Ts Soldering Temperature* +260 C B 000 /]
*1/16 inch from case for 3 seconds max. § § :5?; § § § § § % § E § % § § § § § :Cf
Wavelength (nm) A
ELECTRO-OPTICAL CHARACTERISTICS RATING (7a=23°C UNLESS OTHERWISE NOTED
SYMBOL CHARACTERISTIC TEST CONDITIONS MIN TYP MAX UNITS
lsc Short Circuit Current H =100 fc, 2850 K 100 145 JLA
IIIIIIIIIIIIIIDarkmantIIIIIIIIIIIIII\‘RiJDI\/IIIIIIIIIIIIIIIIIIIIIlII2IIIII39IIIIIMIIIIIIII
. RsH Shunt Resistance Ve=10 mV 100 150 \YI .
- Cy Junction Capacitance Ve=10V, f=1MHz 10 25 pF -
‘IIIl)\ﬁ-aﬁgéIIISpéctraﬂmﬁcathMElIIISpbfgcarrIIIIIIIIIIIIIII#WIIIIIIIIIII1I11)0IIIIhmIIIIIIII.
VER Breakdown Voltage =10 /A 30 75 V
NEP Noise Equivalent Power V=10V @ \ Peak 4.4x107 W/ iz
t Response Time RL=1KQ,Vg=10V 50 nS

Unfortunately Cj is not specified at Vr=0V.

We called the manufacturer for this info Cj=70pF for Vr=0V
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Calculate Diode Current Noise i

Thermal (Johnson Noise)

4kp-Th B A
= 10.472< 10 LA

Rsh \/WZ

Shot noise (dark)

15 A
2015 = 25.314 10 -~

JHz
Shot noise (w . Light)

iSL = ZQ|L =0

Total Diode Current Noise

2 i 2220730510 B A
] sD sL \/Wz

23 )
kg :=1.3810° = 2
K

q:=1.60210 °c

T, =298

f, :=397.88% 10° Hz

6
Rgpy :=15010°Q

-9
Ip:=210 A

IL:: 0A

Resistor Model

Boltzmann c onstant

One electron Charge  ."Op-Amp Model

Temperature in Kelvin (25C)
Transconductance bandw idth
Shunt Resistance in photodiode

Dark Current in photodiode

Photo current in photodiode
(our measurements are dark)

Vour
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OPAS827 Noise Hand Calculation (key numbers) ..

Photodiode Model

Resistor Model

VOUT

Ll

NOISE
Input Voltage Noise: 0p-Amp Model

f=0.1Hz to 10Hz en Vg =18V, Ve =0V 250 250 nVep e
Input Voltage Noise Density:

f=1kHz en Vg =218V, Vo = 0V 4 4 nV/Hz

f = 10kHz en Vg =£18V, Ve = 0V 3.8 nV/\Hz
Input Current Noise Density:

f=1kHz in Vg =£18V, Vo = 0V 2.2 2.2 fAHz
INPUT IMPEDANCE
Differential 1001 9 10" 9 Qfl pF
Common-Mode 10% | 9 102 || 9 Q|| pF
OPEN-LOOP GAIN ]
Open-Loop Voltage Gain AoL | (V=)+3V =Vp = (V+)-3V, R = 1kQ 120 126 120 126 dB

Over Temperature (V=)+3V = Vg = (V+)-3V, R = 1kQ2 114 114 dB
FREQUENCY RESPONSE
Gain-Bandwidth Product GBW G=+1 @ 22 MHz
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OPA827 Noise Hand Calculation

CJ = 7q3|:
Copa = 18pF
Ci = Cj + Copa
f. := 22MHz
Ry := 100k
Cy := 4pF
V
enif = 38n—
JFz
fL =.1Hz
V
eat f = 60n_
_ \/WZ

Photodiode Junction Capacitance
(from photodiode manufacturer)

Opanp input capacitance
(OPA 827 Data Sheet)

Total input capacitance

Unity Gain Bandw idth
(OPA827 Data Sheet)

Feedback resistance

Feedback capacitor

Broadband Nois e Spectral Density
(OPA 827 Data Sheet)

Low er bound on frequency (1/f region)
(arbitrary low er bound of frequency)

Flicker noise measured at f |
(OPA 827 Data Sheet Noise Curve)

4p
1%)k
Photodiode .-
Model
A s S s NN
et b VN Amp Model
100 =
Q] eat_f
N
10 >
i Enif
I
. fL |

1 10 100 1k 10k
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Poles and Zeros in Noise Gain Curve

f,: .

1= ~ 17.29% 10° Hz
2n Re-(Cj + Cp)

1
f oo _ 397.88% 10° Hz
p 2712 Rfo
Ct 3
fi 1= f, = 956.52 10° Hz

Al

1 +C;/Cg -
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1/f (flicker) Noise Corner

INPUT VOLTAGE NOISE DENSITY
vs FREQUENCY

S " Eear s
efnorm=€at_f/fL = 18.974 10 "V £ NC
= [,
> ™
2 - N
€fhorm o 10 i fr Enif
ff = = 24.93Hz 3 ~a "
2 2
°nif g
S

<D.1 > 1 10 100 1K 10k

f Frequency (Hz)
L
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Output Noise from OPA Noise Voltage

2 i —9
Enoe1:: enif ffln E =44 573 10 V

2 -9
Enoezzzjenif (f, - ff) = 499.444 10 "V

2 .3 3
(ﬁnﬁj fo —1; 6
\

=31.828< 10 "V
2
G+ G
i - 6
[enif.c_f] (fj—f5) =65.324< 10 "V

E

noe3 =

noe4 -=

(enif'fc)2

i

E = 85.47% 10 6v

noes -~

Region 1 Region 2

Region 3 Region 4 Region 5

__________________________________

2

2 2 2
Enoe::\/Enoel * Enoe2 * Enoe3a * Enoes * Enoes

2

~112.19% 10 °v
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Thermal (Resistor) Noise at Output

R :=10010°Q) Feedback Resistance
Clip
—23J
kb :=1.3810 E Boltzmann constant
T, =29&K Temperature in Kelvin (25C) :___Ffb_fg_tp_q_iggﬂf_[\{lggﬂ_gl____-_.
: * * * : Vour

: | Y T ¢in R —

fo:=397.884 10" Hz Transconductance bandw idth 2 e
. OpAmp Model
Kn =1.57 Noise Current from OPA 827 data s heet e
BW,, := Kn-fIO Noise bandw idth (brick w all filter)
_ 6 .

e r :=\/4kb-Tn-Rf-BWn =32.056< 10 "V Thermal noise at output
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Current Noise to Voltage Noise at Output

EQUATION

DESCRIPTION

R; =100x10°Q

Feedback resistance

f, = 397.887x10°Hz

Transconductance bandwidth

i :2.2x10‘15i

n_opa \/E

Noise current from OPA827 data sheet

15 A

in_diode :27395X10_ \/E

Noise current from diode (calculated)

: [ 2 2
In_tc;tal - \/'n_opa + |n_diode

Total noise current

K, =157

Noise bandwidth factor first order filter

BW, =K, xf, = 624 kHz

Noise bandwidth (brick wall filter)

Enol e in_total XRf X-\{Bwn =217 HV

Current noise at output

C1I I4p

Resistor Model.

Photodiode Model

o

\"ceccccccccccnccnes cosjlccccccccccccaa,

Vour

',.""bp-Amp Model
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The Final Total Noise

Enge :=112.19% 10 0 V Op-Anp Voltage Noise
s . .

Enor :=32.056< 10 "V Resistor Noise

Enol = 2.17210 6V Op-Anmp Current Noise

Eno 3:\/EnoR2 + EnoI2 + Enoe2 =116.703 10 6V Total Output Noise for

OPA 827 Transimpedance Anp
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Calculation vs Simulation

Cl4p

| |
Ll

R2 100k
s AN o

78.19n—
>

42.42n —K
2 4 U1 OPA827
¢ - Vo
‘ r

Output noise (V/Hz?)

3 + 6 )
_ A 7 6.64n .
Cd 70p i 3 200.00m

T T | T T T T T T T T '|
2.00k 20.00M

Frequency (Hz)

Total Output Noise

Calculated |Simulated | £ |
(rms) (rms) g "
116.7uV 109.1uVv

T
2.00k 20.00M
Frequency (Hz)
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Reducing Noise (Higher Cf = Lower BW & Noise)

R2 100k 1100+
AN ’ i
V2 . 80
| 60
2 | :
l ¢ Vout 40
| G1 S 3 ]
EO f 207 LR roT T T roT T T rooT T T
’ I = J1oPAs2r 10k 100K 1M 10M  100M
_150n- = 1 Ci=186u Frequency (Hz)
AN Ve
N —
< s Cf=2pF
S 2 P e
2 76n S o0u-
(®) —_—
- g Cf=4pF
5 o
2
8 . Cf=4pF Eni
1 a0 Toom L 271 74k 20M
Frequency (Hz) Frequency (Hz)
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Validating Test Equipment Capability

What is the
noise floor?
Spectrum Analyzer
OPA827 Or Scope
Transimpedance O
s: Amp
Photodiode
(No light) Noise Spectral Density = 3.8nV/rtHz
Total Noise = 109.1uVrms
= 654.6uVp-p
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Tektronix DPO 4034 Oscilloscope

] ]_3

{!

.
:}.l

1) Set DC couple, 20MHz bandwidth limit
2) Short input channel to measure noise floor

Std Dev |

Mean

1(2505/s 1 @& - S.00mv
points

STDEV: 48uV (same as RMS)

P-P: 6.6*STDEV=
40s P-P: 320uV
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Agilent 4395A Spectrum Analyzer

CH1
[

#

Smp
Awa
15

Hid

H 35Spct/sH=z 94 uvyS EEF ZE U QEI.EEEI r‘l".l'.-"HE)
L - - B B B B - - -

1. Frequency Range: 10Hz~500MHz
2. Noise floor: 10nV/rtHz
3. Input Impedance: 50Q
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The Noise Floors are Not Good Enough

Noise Floors:

Scope (ImV range)= 48uV rms =320uVpp
4395A Spect. Analyzer = 10nV/rtHz

Spectrum Analyzer
OPA827 Or Scope
Transimpedance &)
s: Amp
N
Photodiode _ Y
(No light) Noise Spectral Density = 3.8nV/rtHz

Total noise = 109.1uVrms
= 654.6uVp-p

w3 Texas INSTRUMENTS | 44



Solution: Use A Post Amp, Which one?

Need
Gain > 10 Noise Floors:
Gain BW = 22MHz BW> 22MHz (in gain) Scope (ImV range)= 48uVrms = 320uVp-p
Noise < 3.8nV/rtHz 4395A Spect. Analyzer = 10nV/rtHz
Spectrum Analyzer
OPA827 Or Scope
‘Transimpedance Post Amp A O

™

NS
Photodiode
(No light)

Noise Spectral Density = 3.8nV/rtHz Amplified Signal from OPA827
Total noise = 109.1uVrms With Negligible additional noise
= 654.6uUVp-p
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Use OPAB847 as post amplifier

At the gain of 150, the bandwidth is 26MHz

0.85nV/VHz Input Voltage Noise
2.5pA/NHz Input Current Noise

+100uV Input Offset Voltage (Typical))

Total noise (V)

575.48u—

287.74u—

0.00

200.00m

Post Amplifier Output Noise

2.00k

Frequency (Hz)

20.00M

nuﬂihm

C1 33u
| |

Vo

R5 1.49K
AN
V-
R4 10
N R1 50
AN
P! g DIS
Vin U2 OPA847

Ii
il

o e [
(1 = Qo
Tug 'E L-.J o
‘wmiton] ®

]C_-;_,(q:\ DEM-OPAB4XU

v REV F

- [CRmi
oo [I9E)
" E E t : PR3

1
H
|

T

|

w3 TEXAS INSTRUMENTS
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Post Amplifier adds relatively small error!

109.54u -

C4 4p
R210 R11.49k
AN AN ————
R3 100k =3

T Vng27

\n_post
—

T los U1 0PAB4T 0.00
16.03m |
1 v |
- | I
Vn_post | |
| I
I
Vn827 = 109.4uV rms |
Vnpost = 16.03mV rms 1 |
p OOO IIIII‘ I IIIIIIII I IIIIIIII‘
Vnpost/Gain = 16.03mV/150 = 106.8uV rms 1 100 10k 1M 20M

Frequency (Hz)
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Test the Noise Floor of post amp + instrument

Disconnect
The DUT
(Transimpedance amp)

y

GND input

Post Amp

Spectrum Analyzer
Or Scope

S

|

Measure
Noise
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Test The Noise Floor — Post Amp Noise Scope

Simulated | Measured

(rms) (rms)
575uV 518uV
STDEV:
P-P: 6.6*STDEV=
40s P-P:

T A —

- lr =
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Hardware Connections

Clidp
| | R5 1.5k
[l AN

R2 100k
A

1. PDB-C158-ND photodiode
v v 2. 70pF junction capacitance at Vr=0 V
3

Q\QOW e ) j . 100dB I-V gain
| 2 S 4. 4pF compensation capacitor
v L_( L 5. =5V power supply.

7
>

[
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Shield the Circuit

Power Supply
Vce,Vss,GND

Input & Output BNC

connectors

wi» Texas INSTRUMENTS
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Divide by post amp gain for OPA827 Output Noise

Cf4p
|
11

Rf 100k

T2

R2 10

R1 1.49k

WV A\

Cf4p
| |
|1

— ANN—9

Rf 100k

N

§ Spectrum
i Analyzer

> 50 33u :
OPA847 ;

-

(150)-(0.5)

R2 10

R1 1.49k

Wy A\

(150)

DPO 4034
Scope i

_ 50 33 §
>—.——/\/\/\, I I E
W OPA847 ;

ing
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Measured vs Simulated (DPO 4034 Scope)

OPA847 Measured at Scope:
STDEV:

P-P: 6.6*STDEV=

40s P-P:

At OPA827 (DUT) Output:
Divide by gain
Vn827 = 21.7mV/150 = 144.6uV

Calculated Simulated Measured
(rms) (rms) (rms)
116.7uV 109.1uV 144 .6uV
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I\/Ieasured Spectral Density Spectrum Analyzer

CH1 A Spct/Hz 3w/ REF 24 uv 2.7EE7 uW/H=z
: : : : z.958@@8553 MHz
”'Mé'aS'UT'é'm'éﬁt'4395A """""""" o L """"" o

A __________

Tina Spice

Linear Scale

Output noise (V/Hz?)
[(e]
o
o
c

-6.00U LI LI T T T LI LI LI T LI T LI LI LI
I I I I I I I I I I
0.00 2.00M 4.00M 6.00M 8.00M 10.00M 12.00M14.00M 16.00M 18.00M 20.00M
Frequeney-(Hz)

1. Agilent 4395A Spectrum
Analyzer test 1Hz~20MHz
span, 3uV/div, REF=24uV.

2. The tested noise density
curve shape is the same as

simulation.
12.00u—
9.00u-
6.00u—
Tina Spice
3.00u—
Log Scale
0.00 A L I L) B I R B

200.00m 2.00 20.00 200.00 2.00k  20.00k 200.00k 2.00M  20.00M
Frequency (Hz)
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Measured vs Simulated

H Spoct STH= = uvs REF =4 O =Z=.5657F749 uvwsSH=E

| T I
! |

(3MHz, 16.7nV/rtHz)

Output noise (V/rtHz)

(552KHz, 40nV/rtHz)

(2MHz, 22.3nV/rtHz)

|
Simulated |
l
|
|

Output noise (VIrtHz)

I N29KHz, 20.7nV/rtHz) I —pag— (3MHz, 14.3nV/rtHz)
- I
]

10k 309k 608k 907k 12™M 15M 18M 2.1M 2.4M 2.7M  3.0M
Frequency (Hz)
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Thanks for your time

Bryan Zhao ( # 1§ )
Matt Hann
Collin Wells, Peter Semig, Curtis Mayberry
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