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Lecture-01B — The Bloch Equations and Image Contrast 
Radiofrequency (B1) Pulses and the Rotating Frame



Learning Objectives

• Explain the principal function of the RF (B1) field.

– Describe the magnitude, spatial, and temporal characteristics 

of the B1 field.

– Define B1 with a mathematical expression. 


• Distinguish between spin, precession, and nutation.

• Differentiate between the lab and rotating frames.

• Remember an expression for a circular polarized RF field.

• Contrast the equation of motion in the lab and rotating 

frames.
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MRI Hardware

Image Adapted From: http://www.ee.duke.edu/~jshorey
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RF (B1) Field - Characteristics
• B1 is a 


– radiofrequency (RF)

• 42.58MHz/T for 1H (63MHz at 1.5T) 


– short duration pulse (~0.1 to 10ms)

– small amplitude


• <25 µT

– shaped by an envelope function

– circularly polarized 


• rotates at Larmor frequency

– magnetic field 

– perpendicular to B0


• Principal use: excitation and refocusing.

– Image contrast (inversion, saturation)

– Signal spoiling
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B1(t)

<latexit sha1_base64="jfFnBjajhkQT2ERKThMB0Do62BA=">AAAB7XicdVDLSgNBEOyNrxhfUY9eBoMQL8uuRPQY9JJjBPOAZAmzk9lkzOzMMjMrhJB/8OJBEa/+jzf/xsmugs+ChqKqm+6uMOFMG897cwpLyyura8X10sbm1vZOeXevrWWqCG0RyaXqhlhTzgRtGWY47SaK4jjktBNOLhd+55YqzaS4NtOEBjEeCRYxgo2V2hcDv2qOB+WK73oZ0P+kUkeQoTkov/aHkqQxFYZwrHXP9xITzLAyjHA6L/VTTRNMJnhEe5YKHFMdzLJr5+jIKkMUSWVLGJSpXydmONZ6Goe2M8ZmrH96C/Evr5ea6DyYMZGkhgqSL4pSjoxEi9fRkClKDJ9agoli9lZExlhhYmxAJRuC557kL/8mnyG0T1y/5p5e1Sr1Rp4GFOEADqEKPpxBHRrQhBYQuIE7eIBHRzr3zpPznLcWnI+ZffgG5+Ud4nyOwQ==</latexit>

t

<latexit sha1_base64="1LiTpVl/YsZlHKf+adbzZWuVJpI=">AAAB6HicdVDJSgNBEK1xjXGLevTSGARPw0yI6DHgJccEzALJEHo6PUmbnoXuGiEM+QIvHhTx6id582/szCi4Pih4vFdFVT0/kUKj47xZK6tr6xubpa3y9s7u3n7l4LCr41Qx3mGxjFXfp5pLEfEOCpS8nyhOQ1/ynj+7Wvq9W660iKNrnCfcC+kkEoFgFI3UxlGl6tpODvI/qTYI5GiNKq/DcczSkEfIJNV64DoJehlVKJjki/Iw1TyhbEYnfGBoREOuvSw/dEFOjTImQaxMRUhy9etERkOt56FvOkOKU/3TW4p/eYMUg0svE1GSIo9YsShIJcGYLL8mY6E4Qzk3hDIlzK2ETamiDE02ZROCY9eKl3+TzxC6Ndut2+fterXRLNKAEhzDCZyBCxfQgCa0oAMMONzBAzxaN9a99WQ9F60r1sfMEXyD9fIObK2NbA==</latexit>

B1,max / 25µT

<latexit sha1_base64="KDim8bMcQAh3QgNZuaPfJcv7aYk=">AAACDXicdVDLSgNBEOyNrxhfUY9eBqPgQcJuSNBjiBePEfKCbAizk0kyZGZ3mZmVhCU/4MVf8eJBEa/evfk3zmYVfBY0FFXddHd5IWdK2/ablVlaXlldy67nNja3tnfyu3stFUSS0CYJeCA7HlaUM582NdOcdkJJsfA4bXuTi8RvX1OpWOA39CykPYFHPhsygrWR+vmjWj92TgWezl1OlcJhKIMpKlVcEbkC67EUcWPezxecor0A+p8UqggWqPfzr+4gIJGgviYcK9V17FD3Yiw1I5zOc26kaIjJBI9o11AfC6p68eKbOTo2ygANA2nK12ihfp2IsVBqJjzTmVyofnqJ+JfXjfTwvBczP4w09Um6aBhxpAOURIMGTFKi+cwQTCQztyIyxhITbQLMmRDsYil9+Tf5DKFVKjrlYuWqXKjW0jQgCwdwCCfgwBlU4RLq0AQCN3AHD/Bo3Vr31pP1nLZmrI+ZffgG6+UdOHScYA==</latexit>

⌧RF / 10ms

<latexit sha1_base64="BGVVJnewIfSp7Vy0tkcz8AxjJfU=">AAACC3icdVDLSsNAFL2pr1pfVZduBovgKiSlosuiIC6r2Ac0JUym03boTBJmJmIJ2bvxV9y4UMStP+DOv3GaKvg8cOFwzr3ce08Qc6a047xZhbn5hcWl4nJpZXVtfaO8udVSUSIJbZKIR7ITYEU5C2lTM81pJ5YUi4DTdjA+mfrtKyoVi8JLPYlpT+BhyAaMYG0kv7zraZz46cVp5nGqFI5jGV0j1/EE1iMpUqEyv1xxbScH+p9U6ghyNPzyq9ePSCJoqAnHSnVdJ9a9FEvNCKdZyUsUjTEZ4yHtGhpiQVUvzX/J0J5R+mgQSVOhRrn6dSLFQqmJCEzn9ET105uKf3ndRA+OeikL40TTkMwWDRKOdISmwaA+k5RoPjEEE8nMrYiMsMREm/hKJgTHrs5e/k0+Q2hVbbdmH5zXKvXjWRpQhB3YhX1w4RDqcAYNaAKBG7iDB3i0bq1768l6nrUWrI+ZbfgG6+UdTvSb7Q==</latexit>
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RF Excitation - Lab Frame

B0 causes precession about z-axis. B1 causes forced precession (i.e. nutation). https://en.wikipedia.org/wiki/Nutation
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Combined with…

1H has intrinsic Spin
!0 = �B0

<latexit sha1_base64="0O5guL8fQgvh7LJ5N9dJhaqf5tg=">AAAB/HicdVDLSgNBEOyNrxhfqzl6GQyCp7AJEb0IQS8eI5gHJGHpnUySITO7y8ysEEL8FS8eFPHqh3jzb5zsKvgsaCiquunuCmLBtfG8Nye3tLyyupZfL2xsbm3vuLt7LR0lirImjUSkOgFqJnjImoYbwTqxYigDwdrB5GLht2+Y0jwKr800Zn2Jo5APOUVjJd8t9iLJRuh7Z70RSonk3Pd8t1QpeynI/6RUJ5Ci4buvvUFEE8lCQwVq3a14senPUBlOBZsXeolmMdIJjljX0hAl0/1ZevycHFplQIaRshUakqpfJ2YotZ7KwHZKNGP901uIf3ndxAxP+zMexolhIc0WDRNBTEQWSZABV4waMbUEqeL2VkLHqJAam1fBhuCVq9nLv8lnCK1quVIrH1/VSvVGlgbkYR8O4AgqcAJ1uIQGNIHCFO7gAR6dW+feeXKes9ac8zFThG9wXt4B64CUZg==</latexit>

!1 = �B1

<latexit sha1_base64="3GaY6ceWcNP2ePtmrXeCpnEU1WM=">AAAB/HicdVDLSgNBEOyNrxhf0Ry9DAbBU9gNEb0IQS8eI5gHJMvSO5kkQ2Z2l5lZIYT4K148KOLVD/Hm3zjJKvgsaCiquunuChPBtXHdNye3tLyyupZfL2xsbm3vFHf3WjpOFWVNGotYdULUTPCINQ03gnUSxVCGgrXD8cXcb98wpXkcXZtJwnyJw4gPOEVjpaBY6sWSDTHwznpDlBLJeeAFxbJXcRcg/5NyncACjaD42uvHNJUsMlSg1l3PTYw/RWU4FWxW6KWaJUjHOGRdSyOUTPvTxfEzcmiVPhnEylZkyEL9OjFFqfVEhrZTohnpn95c/MvrpmZw6k95lKSGRTRbNEgFMTGZJ0H6XDFqxMQSpIrbWwkdoUJqbF4FG4JbqWYv/yafIbSqFa9WOb6qleuNLA3Iwz4cwBF4cAJ1uIQGNIHCBO7gAR6dW+feeXKes9ac8zFTgm9wXt4B7pOUaA==</latexit>

RF (B1) pulse impart forced precession.



RF Excitation - Lab Frame

RF pulses can generate transverse magnetization (Mxy).
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Basic RF Pulse - Linear Polarized

B1 is perpendicular to B0.
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~B1(t) = 2Be
1(t) cos(!RF t+ ✓)̂i0

<latexit sha1_base64="5NSO2HrQkF5GW+gNXReIA7B0B00="></latexit>

!RF = !0

<latexit sha1_base64="EFIUu9Rd8v6WFOCmbLjb+zxtiuw=">AAAB/XicdVDLSsNAFL3xWesrPnZuBovgKiSlohuhIIjLKvYBbQiT6aQdOnkwMxFqKP6KGxeKuPU/3Pk3TpMKPg9cOJxzL/fe4yecSWXb78bc/MLi0nJppby6tr6xaW5tt2ScCkKbJOax6PhYUs4i2lRMcdpJBMWhz2nbH51N/fYNFZLF0bUaJ9QN8SBiASNYackzd3txSAfYy67OJ6czbntmxbHsHOh/UqkjyNHwzLdePyZpSCNFOJay69iJcjMsFCOcTsq9VNIEkxEe0K6mEQ6pdLP8+gk60EofBbHQFSmUq18nMhxKOQ593RliNZQ/van4l9dNVXDiZixKUkUjUiwKUo5UjKZRoD4TlCg+1gQTwfStiAyxwETpwMo6BNuqFi//Jp8htKqWU7OOLmuVeqdIA0qwB/twCA4cQx0uoAFNIHAL9/AIT8ad8WA8Gy9F65wxm9mBbzBePwCoepV8</latexit>

Resonance Condition
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B1 field



Linear & Circular Polarized B1 Fields

Arrow indicates direction of B-field.
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Linear Polarization

2B1 (t)
X

Y

~B1(t) = 2Be
1(t) cos(!RF t+ ✓)̂i0

<latexit sha1_base64="CVXBAP0REYs7+CSmjCF6TQcgHmA="></latexit>

First Generation MRI Systems 
Used Linear Polarization; 
Simple and Cheaper, but 

higher RF power.



Linear & Circular Polarized B1 Fields

Arrow indicates direction of B-field.
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=
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Y’

On-Resonance 
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=
Linear Polarization CW Circular Polarization

2B1 (t)
X’

Y’

~B1(t) = 2Be
1(t) cos(!RF t+ ✓)̂i0

<latexit sha1_base64="CVXBAP0REYs7+CSmjCF6TQcgHmA="></latexit>

Be
1(t)

h
cos(!RF t)̂i

0 � sin(!RF t)ĵ
0
i

<latexit sha1_base64="E5dHJaUxmdyVUCOwNtvRhi1gv2s="></latexit>

X’
+

Y’

Very Off-Resonance 
Heating

+
CCW Circular Polarization

Be
1(t)

h
cos(!RF t)̂i

0 + sin(!RF t+ ✓)ĵ0
i

<latexit sha1_base64="+FOvsT4yxoV66Oo9dpvRyHZtkqo="></latexit>

First Generation MRI Systems 
Used Linear Polarization; 
Simple and Cheaper, but 

higher RF power.



Linear & Circular Polarized B1 Fields

Even with circular polarization many pulse sequences are SAR limited at ≥3T.
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~B1(t) = 2Be
1(t) cos(!RF t+ ✓)̂i0

<latexit sha1_base64="CVXBAP0REYs7+CSmjCF6TQcgHmA="></latexit>

Be
1(t)

h
cos(!RF t)̂i

0 � sin(!RF t)ĵ
0
i

<latexit sha1_base64="E5dHJaUxmdyVUCOwNtvRhi1gv2s="></latexit>

Be
1(t)

h
cos(!RF t)̂i

0 + sin(!RF t+ ✓)ĵ0
i

<latexit sha1_base64="+FOvsT4yxoV66Oo9dpvRyHZtkqo="></latexit>

On-Resonance 
Excitation+Heating

Very Off-Resonance 
Heating

Modern MRI systems 
only use CW circular 

polarization

Modern MRI systems 
don’t apply the CCW field

First Generation MRI Systems 
Used Linear Polarization; 
Simple and Cheaper, but 

higher RF power.



RF (B1) Field - Generation

• Birdcage coil 

– Most common design

– Highly efficient

– Nearly all of the fields produced 

contribute to imaging

• Very uniform field


– Especially radially

– Decays axially

– Uniform sphere if L≈D


• Generates a “quadrature” field

– Circular polarization

http://mri-q.com/birdcage-coil.html —and— https://en.wikipedia.org/wiki/Circular_polarization
Rad229
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Basic RF Pulse - Circular Polarized

RECT functions are used to excite a “single” frequency. SINC functions are used to excite a narrow band of frequencies.
Rad229
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t = ⌧pt = 0

Be
1 (t) = B1 u

✓
t� ⌧p/2

⌧p

◆
=

(
B1, 0  t  ⌧p

0, otherwise

t

Be
1 (t) =

(
B1sinc [⇡f! (t� ⌧p/2)] , 0  t  ⌧p

0, otherwise

t = ⌧pt = 0

t

~B1(t) = Be
1(t)

h
cos(!RF t)̂i

0 � sin(!RF t)ĵ
0
i

<latexit sha1_base64="CG2TEsRZKTrFrPGw2mHlpXONtts="></latexit>
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Lab vs. Rotating Frame



Laboratory Frame Coordinates

Image Adapted From: http://www.ee.duke.edu/~jshorey
Rad229
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Rotational Angular Velocity

~! = �B0k̂
0

<latexit sha1_base64="GARPd1fVSsORLoY7Fw80/0F3BGU=">AAACCHicdVA9SwNBEJ3z2/gVtbRwMYhW4RIUbYSgjWUEo0IuhLnNJFmye3fs7gnhSGnjX7GxUMTWn2Dnv3GTKPj5YODx3gwz88JECmN9/82bmJyanpmdm88tLC4tr+RX1y5MnGpONR7LWF+FaEiKiGpWWElXiSZUoaTLsHcy9C+vSRsRR+e2n1BDYScSbcHROqmZ3wyuiWdBrKiDg6Ogg0ohO276QRdt1hvsNPOFUtEfgf1PChUGI1Sb+degFfNUUWS5RGPqJT+xjQy1FVzSIBekhhLkPexQ3dEIFZlGNnpkwLad0mLtWLuKLBupXycyVMb0Veg6Fdqu+ekNxb+8emrbh41MRElqKeLjRe1UMhuzYSqsJTRxK/uOINfC3cp4FzVy67LLuRD8Ynn88m/yGcJFuVjaK+6f7RUq1XEaMAcbsAW7UIIDqMApVKEGHG7gDh7g0bv17r0n73ncOuF9zKzDN3gv7+2CmgQ=</latexit>



Lab vs. Rotating Frame Coordinates

X’ Y’

Z’

X Y

Z=Z’
Laboratory Frame Rotating Frame

• The rotating frame simplifies the mathematics; more intuitive understanding.

Note: Both coordinate frames share the same z-axis.
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Spins Precess Observer Precesses



Rotating Frame Coordinates

• If the rotational frequency of the rotating frame is matched to 
the bulk magnetization’s precessional frequency, then 
rotational motion of the bulk magnetization is “removed” or 
demodulated.


• The rotating frame’s transverse xy-plane rotates clockwise 
(left-handed) at frequency ω relative to the scanners x’y’-plane.

The rotating frame simplifies the mathematical description of spin dynamics and affords a more intuitive understanding.
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Equation of Motion
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d ⇥M

dt
= ⇥M ⇥ � ⇥B

Equation of motion for an  
ensemble of spins (isochromats). 

[Laboratory Frame]

d ~Mrot
dt = ~Mrot ⇥ �

⇣
~!rot
� + ~Brot

⌘ Equation of motion for an  
ensemble of spins (isochromats). 

[Rotating Frame]

~Beff ⌘ ~!rot
� + ~Brot

Effective B-field that M 
experiences in the 

rotating frame. Fictitious field that demodulates the 
apparent effect of B0.

Applied B-field in the rotating frame.

d ~Mrot
dt = ~Mrot ⇥ � ~Beff

Equation of motion for an  
ensemble of spins (isochromats). 

[Rotating Frame]



d ~Mrot

dt
= ~Mrot ⇥ � ~Beff

Free Precession in the Rotating Frame w/o Relaxation

The bulk magnetization components in the rotating frame maintain the initial condition for all time in the absence of relaxation.
Rad229
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~Beff = ~!rot
� + ~Brot

= ��B0k̂
0

� +B0k̂0

= 0

d ~Mrot

dt
=

������

î ĵ k̂
Mx My Mz

0 0 0

������

<latexit sha1_base64="zpGo23BuKogluEQxHfK3oJbL/90="></latexit>

dMx

dt
= 0

<latexit sha1_base64="0x20zd8JsZ4XrQY89PBxLW1NObQ=">AAAB/HicdZDLSsNAFIZP6q3WW7VLN4NFcBWSUtGNUHDTjVDBXqAtZTKZtEMnkzAzEUuIr+LGhSJufRB3vo3TVMHrDwM//zmHc+bzYs6Udpw3q7C0vLK6VlwvbWxube+Ud/c6KkokoW0S8Uj2PKwoZ4K2NdOc9mJJcehx2vWm5/N695pKxSJxpWcxHYZ4LFjACNYmGpUrg0BikvoXo/Qmy1JfZ2fOqFx1bScX+t9UGwhytUbl14EfkSSkQhOOleq7TqyHKZaaEU6z0iBRNMZkise0b6zAIVXDND8+Q4cm8VEQSfOERnn6dSLFoVKz0DOdIdYT9bM2D/+q9RMdnA5TJuJEU0EWi4KEIx2hOQnkM0mJ5jNjMJHM3IrIBBsa2vAqGQiOXVt8+bf5hNCp2W7dPr6sVxvNBQ0owj4cwBG4cAINaEIL2kBgBnfwAI/WrXVvPVnPi9aC9TFTgW+yXt4Bt6+Vig==</latexit>

dMy

dt
= 0

<latexit sha1_base64="cewVU8ShVmN3jyj5FWCuomwlFzE=">AAAB/HicdZDLSsNAFIZPvNZ6i3bpZrAIrkpaKroRCm66ESrYC7QhTCaTdujkwsxECCG+ihsXirj1Qdz5Nk4TBa8/DPz85xzOmc+NOZPKst6MpeWV1bX1ykZ1c2t7Z9fc2x/IKBGE9knEIzFysaSchbSvmOJ0FAuKA5fToTu/WNSHN1RIFoXXKo2pHeBpyHxGsNKRY9YmvsAk8y6dLM3zzFP5ueWY9WbDKoT+N/UOgkI9x3ydeBFJAhoqwrGU46YVKzvDQjHCaV6dJJLGmMzxlI61DXFApZ0Vx+foSCce8iOhX6hQkX6dyHAgZRq4ujPAaiZ/1hbhX7VxovwzO2NhnCgaknKRn3CkIrQggTwmKFE81QYTwfStiMywpqE0r6qGYDVa5Zd/m08Ig1aj2W6cXLXrnW5JAypwAIdwDE04hQ50oQd9IJDCHTzAo3Fr3BtPxnPZumR8zNTgm4yXd7k7lYs=</latexit>

dMz

dt
= 0

<latexit sha1_base64="h/wi9qNy7fqtrWsUaVBtsFXnoU0=">AAAB/HicdZDLSsNAFIZP6q3WW7VLN4NFcBXSUtGNUHDTjVDBXqAtYTKZtEMnkzAzEWKIr+LGhSJufRB3vo3TVsHrDwM//zmHc+bzYs6Udpw3q7C0vLK6VlwvbWxube+Ud/e6KkokoR0S8Uj2PawoZ4J2NNOc9mNJcehx2vOm57N675pKxSJxpdOYjkI8FixgBGsTueXKMJCYZP6Fm93keebr/Mxxy9Wa7cyF/jfVJoK52m75dehHJAmp0IRjpQY1J9ajDEvNCKd5aZgoGmMyxWM6MFbgkKpRNj8+R4cm8VEQSfOERvP060SGQ6XS0DOdIdYT9bM2C/+qDRIdnI4yJuJEU0EWi4KEIx2hGQnkM0mJ5qkxmEhmbkVkgg0NbXiVDATHri++/Nt8QujW7VrDPr5sVJutBQ0owj4cwBHU4ASa0II2dIBACnfwAI/WrXVvPVnPi9aC9TFTgW+yXt4BuseVjA==</latexit>

Mx(t) = M0
x

<latexit sha1_base64="oUEU8Yv5np+trQDtA0ljve3XdVo=">AAAB83icdVDLSsNAFL2pr1pfVZduBotQNyEpFd0IBTfdCBVsLbSxTKaTduhkEmYmYgn9DTcuFHHrz7jzb5wmCj4PXO7hnHuZO8ePOVPacd6swsLi0vJKcbW0tr6xuVXe3umoKJGEtknEI9n1saKcCdrWTHPajSXFoc/plT85m/tXN1QqFolLPY2pF+KRYAEjWBupfz64rerDU9OunUG54tpOBvQ/qTQQZGgNyq/9YUSSkApNOFaq5zqx9lIsNSOczkr9RNEYkwke0Z6hAodUeWl28wwdGGWIgkiaEhpl6teNFIdKTUPfTIZYj9VPby7+5fUSHZx4KRNxoqkg+UNBwpGO0DwANGSSEs2nhmAimbkVkTGWmGgTU8mE4Ni1/Mu/yWcInZrt1u2ji3ql0czTgCLswT5UwYVjaEATWtAGAjHcwQM8Wol1bz1Zz/lowfrY2YVvsF7eATxPkT4=</latexit>

My(t) = M0
y

<latexit sha1_base64="bfoZQC5QlK2GkxupaLNp3rIG56Q=">AAAB83icdVDLSsNAFL2pr1pfVZduBotQNyEpFd0IBTfdCBXsA9pYJtNJO3QyCTMTIZT+hhsXirj1Z9z5N04TBZ8HLvdwzr3MnePHnCntOG9WYWl5ZXWtuF7a2Nza3inv7nVUlEhC2yTikez5WFHOBG1rpjntxZLi0Oe0608vFn73lkrFInGt05h6IR4LFjCCtZEGl8O0qo/PTbtxhuWKazsZ0P+k0kCQoTUsvw5GEUlCKjThWKm+68Tam2GpGeF0XhokisaYTPGY9g0VOKTKm2U3z9GRUUYoiKQpoVGmft2Y4VCpNPTNZIj1RP30FuJfXj/RwZk3YyJONBUkfyhIONIRWgSARkxSonlqCCaSmVsRmWCJiTYxlUwIjl3Lv/ybfIbQqdlu3T65qlcazTwNKMIBHEIVXDiFBjShBW0gEMMdPMCjlVj31pP1nI8WrI+dffgG6+UdP2KRQA==</latexit>

Mz(t) = M0
z

<latexit sha1_base64="97h2JapKQBgM2d6062Gm+S4rzLU=">AAAB83icdVDLSsNAFL2pr1pfVZduBotQNyEpFd0IBTfdCBVsLbSxTKaTduhkEmYmQg39DTcuFHHrz7jzb5wmCj4PXO7hnHuZO8ePOVPacd6swsLi0vJKcbW0tr6xuVXe3umoKJGEtknEI9n1saKcCdrWTHPajSXFoc/plT85m/tXN1QqFolLPY2pF+KRYAEjWBupfz64rerDU9OunUG54tpOBvQ/qTQQZGgNyq/9YUSSkApNOFaq5zqx9lIsNSOczkr9RNEYkwke0Z6hAodUeWl28wwdGGWIgkiaEhpl6teNFIdKTUPfTIZYj9VPby7+5fUSHZx4KRNxoqkg+UNBwpGO0DwANGSSEs2nhmAimbkVkTGWmGgTU8mE4Ni1/Mu/yWcInZrt1u2ji3ql0czTgCLswT5UwYVjaEATWtAGAjHcwQM8Wol1bz1Zz/lowfrY2YVvsF7eAUJ1kUI=</latexit>

Constant components 
in the rotating frame 
without relaxation.



How do RF pulses tip the magnetization?



Rad229 – MRI Signals and Sequences 

Daniel Ennis & Brian Hargreaves

dbe@stanford.edu –or– bah@stanford.edu


